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ABSTRACT
The goal of this study was to develop a means of assessing and monitoring the potential impacts 
of complex mixtures in surface waters by utilizing environmentally representative mixtures collected 
using passive sampling devices and whole organism bioassays, which equally represent the complex 
biological systems they are acting on. Chemical monitoring across three watersheds and comprising seven 
sampling locations was conducted across Georgia and South Carolina using passive sampling devices 
(PSDs). Earlier research conducted in the lab showed differing, and significant responses from fish 
sampled at many of these sites using the ethoxyresorufin-O-deethylase (EROD) and glutathione S-
transferase (GST) bioassays. The polar organic compound integrated sampler (POCIS) devices and low-
density polyethylene (LDPE) strips were used to analyze for estrogens, pharmaceuticals and personal care 
products (PPCPs), PAHs, and PCBs. POCIS extracts were analyzed for four estrogenic compounds and 
seven PPCPs using Ultra-Performance Liquid Chromatography Mass Spectrometry tandem Mass 
Spectrometry (UPLC-MS/MS). Concentrations along the Savannah River were estimated to be at ng/L to 
sub-ng/L concentrations with seasonal trends identified for certain pharmaceuticals. PAH analysis was 
performed for the EPA Priority 16 using Gas Chromatography Electron Impact Mass Spectrometry (GC-
EI/MS). PCB analysis was conducted for 128 congeners using GC-ECD. Total surface water 
concentrations (Cw) of PAHs ranged between 30-250 ppb and PCB concentration ranged between 5-12 ng 
PCBTOT/g PSD. Combined PSD extracts were used in small volume bioassays. The yeast estrogen 
screening (YES) assay was used to assess the overall estrogenicity of the surface water at the sampling 
sites, with estradiol equivalency quotients ranging between 2-10 ng/L. The zebrafish embryo 
developmental toxicity assay (ZEDTA) was utilized to link the measured chemical pollutants with 
observed biological effects. Biomarkers of exposure were favored to biomarkers of toxicity or other 
whole organism bioassays as a means of assessing organismal response to pollutant exposure. Epigenetic 
endpoints were chosen to identify exposure to endocrine disrupting compounds within mixtures. The 
methods optimized for this study assessed both whole-genome and region-specific CpG-island associated 
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methylation levels of daphnia, whole body zebrafish embryos, and tissue-specific samples from adult 
zebrafish. Significant differences in methylation of CpG islands associated with endocrine related genes 
(ERα and vtg1) were observed in response to EE2 and passive sampling extract exposures providing 
initial evidence for its application in assessing complex environmental mixtures.  
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RESEARCH SUMMARY 
The impetus of the following research centered around assessing sub-lethal effects of complex 
environmental mixtures. Chronic effects are difficult to establish in the lab, and whole organism bioassays 
typically assess acute toxicity or later stage adverse outcomes. The main concerns of this study were to 
establish and incorporate the complexities of the chemical profiles, both spatially and temporally, among 
regional surface water location and understand how variations in the composition of pollutants may affect 
the health and fitness of aquatic organisms.  
In this study, passive sampling devices were utilized to collect environmentally relevant samples 
of pollutant mixtures. The extracts of the passive sampling devices were utilized for chemical analyses 
and toxicological bioassays. Select analytes were measured to determine how contaminated sites were and 
how the chemical profile varied over time. The greatest import of the study was to understand how 
aquatic organisms respond to low concentrations of complex mixtures and the means by which to best 
assess the interaction and response they produce. Within the context of complex environmental mixtures, 
individual constituents do not necessarily behave or have the same impact as they do singly. With this in 
mind, standard bioassays were used to establish levels of estrogenicity and developmental toxicity of the 
mixtures which offered a context for more detailed analyses.  
Moving forward, an alternative and novel perspective was taken to determine more discreet 
responses to the mixtures. Epigenetic changes were researched to assess early responses to environmental 
stressors. Specifically, epigenetic biomarkers of exposure were researched that offer insight into historical 
exposures to pollutants and present themselves early in the adverse outcome pathway. Such a biomarker 
provides early insight into organismal response to chemical stressors prior to physiological changes that 
better serves assessment of potential chronic effects at the individual and population levels. 
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Chapter 1 
Literature Review 
Surface and groundwaters are a sink for anthropogenic contaminants26. Contaminants of 
emerging concern (CECs) are ubiquitous in surface waters, with pharmaceuticals and personal care 
products (PPCPs) typically ranging in the concentration range of ng/L-µg/L69,135. These concentrations are 
below therapeutic levels (typically blood plasma levels of ng/mL-µg/mL)62 for typical pharmaceuticals, 
with acute toxicity being an uncommon event and chronic effects a difficult endpoint to evaluate47. These 
concentrations though are physiologically relevant for certain potent endocrine disruptors (EDCs), 
causing abnormal developmental changes and decreased reproductive success at sub-ng/L 
concentrations117. Thousands of synthetic EDCs have been released into the environment over the last 
century with their deleterious effects being known and reported on for decades37. Reports of these adverse 
health effects are even common in the general news media49,53,82. Concerns over these compounds are not 
unfounded as population loss can result due to low-level, chronic exposure of these compounds to long-
lived species in the environment80. The number of articles published regarding pharmaceuticals in the 
environment has increased every year over the past three decades42, underscoring the increased awareness 
and concern over the effects these compounds are causing. Unlike other classes of compounds, 
pharmaceuticals are designed to be biologically active, stable at ambient conditions, and water soluble126, 
a rather potent trifecta in aquatic toxicology. While not limited to, pharmaceuticals constitute the focus of 
the polar chemical monitoring in this study. 
The unique structures and physico-chemical properties of pharmaceuticals that confer their 
desired therapeutic effects also lead to undesirable effects, such as highly variable removal efficiencies in 
waste water treatment plants15 (WWTPs) and variable uptake kinetics and sampling rates by sampling 
devices which makes them difficult to predict or model18. The chemical profiles of contaminants in 
surface waters expands beyond PPCPs to include pesticides, combustion byproducts like polycyclic 
aromatic hydrocarbons (PAHs), and legacy contaminants such as polychlorinated biphenyls (PCBs)113, as 
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well as the metabolites and degradation products of all these compounds, making for a highly complex 
environmental mixture. Adding to the complexity are temporal variations in the mixture composition and 
abiotic factors which can present variation in the toxicity of the mixture2,84. There is an inherent 
complexity in mixture toxicity that must be reduced, from both the perspective of the mixture analysis 
and toxic endpoints, for it to be understood. In risk assessment of environmental pollutants (as in contrast 
to simpler binary or tertiary mixtures), mixture toxicity is assumed to act under a concentration addition 
model with the overall mixture toxicity a summation of the constituents’67. This is a reductive perspective 
with respect to the emergent properties of complex mixtures and regarding chronic effects, it is an 
untenable foundation for future research. 
Recent advances in analytical instrumentation150 and developments in passive sampling devices 
(PSDs)4,131 have allowed for the identification of analytes at previously undetectable concentrations. PSDs 
concentrate freely dissolved contaminants (the fraction of bioavailable compounds) over a period of time, 
accounting for fluctuations in pollutants during that period, while precluding matrix constituents and 
enhancing the stability of the compounds128,74. PSDs mimic biological systems by sequestering the 
bioavailable portion of contaminants present in the water column. The concentrated pollutant profiles are 
not obscured due to biotransformation or depuration that would occur in living organisms, as well as 
variability due to growth or motility106. A comparison study of mussels to PSDs, where the mussels were 
used as bioindicators and POCIS used for concentrating endocrine disrupting compounds (EDCs) and 
other PPCPs showed the mussel had a number of disadvantages93. As some of the EDCs of most concern 
are naturally occurring hormones, already present concentrations of the hormones in the organism 
confound the results. In addition, metabolic or conjugative processes lead to the depuration of the 
measured compounds despite the organism being a filter feeder and notably bioaccumulating a number of 
compounds present in the water column. And unlike PSDs, time weighted averages (TWAs) cannot be 
calculated using bioindicators. Also, despite substantial cleanup of the tissues, significant matrix effects 
influenced chemical analysis. There are limitations in the application of PSD. Given varying uptake rates, 
the ratios of the final mixture will not perfectly parallel that of the environment (which can also be 
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influenced by varying water quality parameters) and extended deployment periods can lead to biofouling 
which will impact the utility of the sampler55. 
Multiple PSD designs are available with specificity towards particular classes of compounds, 
such as the polar organic chemical integrative sampler (POCIS) for polar compounds and low-density 
polyethylene (LDPE) for nonpolar compounds (generally compounds with an octanol-water partitioning 
coefficient Kow >3)148.  They complement one another and can be paired together to obtain a 
representative range of contaminants present at the site of interest105. POCIS devices are integrative 
samplers, deployed for time periods within the kinetic uptake regime of the desired analytes102. While 
variable, this is typically around 30-40 days, after which the presumption that the sorbing phase acts as an 
infinite sink is no longer the case. After the kinetic phase, concentration of analytes resembles an 
equilibrium phase where when reached, uptake from the environment and loss from the PSD are 
comparable. Time-weighted average (TWA) concentrations of contaminants can be estimated using 
previously determined sampling rates108. LDPEs are equilibrium samplers deployed for sufficient time 
that analytes of interest reach equilibrium between the PE and aqueous phase, allowing for freely 
dissolved concentrations to be estimated using known partitioning coefficients (KPE/W)101. Using these 
tools, semi-characterized dilutions of PSD extracts with known concentrations can be made that represent 
various enrichment factors of the sampled environmental mixture and applied in biotests to assess toxicity 
of the mixtures, or physiological response to the mixture dilutions. For analytical labs already prepared to 
process PSD samples, this approach can be a prime way to assess sub-lethal mixture toxicity and/or 
exposure. 
Bioassays are particularly useful tools when monitoring unknown mixtures where toxicity cannot 
be predicted by the concentration of its components90. In the case of toxicity identification evaluations 
(TIEs) or effect-directed analyses (EDAs), specific drivers of adverse health effects can be identified 
through tailored extraction procedures and sequential fractionation steps23. Rather than 
compartmentalizing and physically reducing the complexity of the mixture, in vivo bioassays can be used 
with whole extracts and differences in toxicity between locations and time periods determined based on 
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acute and sub-lethal toxic endpoints2,63. The endpoints in these biotests can be qualitative or semi-
quantitative measurements of toxicity as in the zebrafish embryo developmental toxicity assay 
(ZEDTA)59, or they can be quantitative measurements as with studies that employ analytical tools to 
measure specific biomarkers, such as using mass spectrometry to measure DNA methylation, an 
epigenetic biomarker. The prospect of incorporating epigenetic endpoints into risk assessment has been a 
growing interest and has been a topic of discussion at multiple conferences and workshops including ones 
hosted by the National Institute of Environmental Health Sciences (“State of the Science: Evaluating 
Epigenetic Changes”)54. Stated concerns and gaps in the science include basic research around 
establishing positive and negative control values as well as establishing threshold and cutoff values for 
epigenetic responses142,89. 
Epigenetics refers to heritable changes in gene function without alterations in the DNA 
sequence65. Environmental stressors (eg. anthropogenic contaminants) can induce epigenetic changes, 
altering gene expression in an organism which may lead to the development of certain disease states, 
some being latent effects that do not present until adulthood141. DNA methylation is a widely studied 
epigenetic mechanism that has been linked to gene silencing, chromosomal and genome stability, and 
gene splicing76. Early reprogramming events and genomic imprinting processes that occur during 
embryonic development are susceptible to contaminant induced epigenetic changes61.  
Differential DNA methylation due to chemical stress has been observed in Daphnia magna138 and 
zebrafish, with transgenerational epigenetic inheritance observed in the zebrafish model75. In one study 
zebrafish were exposed to mono(2-ethylhexyl) phthalate (MEHP), a suspected obesogenic (promoting fat 
development), and 5-azacytidine, a DNA methyltransferase (DNMT) inhibitor, during the first week of 
development. Exposure to these two chemicals resulted in the altered methylation of CpG islands that 
were associated with adipogenesis and embryonic development, respectively78. CpG islands are regions of 
DNA with a high cytosine-guanine content typically in the context of transcription start sites where 
hypermethylation generally translates to decreased expression of the gene and hypomethylation 
translating to increased expression73. These responses were found to be transferred to subsequent 
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generations as well as being preserved in the sperm of the exposed zebrafish. Daphnia magna exposed to 
Zn showed decreased global methylation levels in the F0 (first) and F1 (second) generations, though the 
effects did not carry to the F2 generation145. Daphnids are prime epigenetic model organisms for 
transgenerationally inherited modifications given their parthenogenic reproduction which precludes 
confounding genetic differences that arise from sexual reproduction58. The clear and innate differences in 
methylation levels observed from tissue-specific analyses of vitellogenin genes in zebrafish liver and 
brains have provided evidence for its use as an epigenetic biomarker of EDC exposure; vitellogenin is a 
yolk protein produced in the livers of sexually developed females, which can also be expressed by males 
exposed to estrogenic compounds. The protein is a common biomarker in males for exposure to adversely 
high levels of estrogenic compounds, as vitellogenesis is not initiated by endogenous estrogen levels42. Of 
the seven known vitellogenin genes in zebrafish, vtg1 displayed the greatest expression with regard to 
vitellogenesis and was most expressed in hepatic tissue. In the hepatic tissue, vtg1 had lower levels of 
methylation in females than males while brain tissues showed similarly high levels of methylation in both 
males and females129.  Two-week exposures to 100ng/L EE2 displayed significantly lower methylation 
levels of vtg1 in the livers of both males and females. Though these levels are above environmentally 
relevant concentrations of overall estrogenic compounds in surface waters, this same response is expected 
to be produced from any mixture of estrogenic compounds. A goal of the research is to better understand 
how these regions respond to mixtures of variable make up and overall estrogenicity. Mass spectrometry 
can be utilized to measure DNA methylation levels in organisms with limits of detection reported at the 
sub-fmol (10-15) level84. This study focuses on differences in elicited response from EDC exposures of 
variable makeup and applicability of an MS-based approach. Future research should be focused on 
determining the concentrations of estrogenics and necessary exposure periods (both in length and 
regarding windows of development) to elicit epigenetic responses. 
Measured endpoints of methylation levels can be general, as with global DNA methylation levels, 
or more targeted to region-specific methylation at highly methylated areas referred to as CpG islands76. 
Understanding the cause and effect relationship or mechanisms at play can be difficult as epigenetic 
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responses can be cumulative and represent a long history of exposure95. While differences in overall 
global methylation can offer insight into a general environmental response to chemical stressors and 
suggest evidence of aberrant methylation which can be indicative of a variety of disease states and 
adverse health effects6, differential region-specific methylation can provide evidence to physiological 
response towards specific classes of compounds within complex mixtures. Modifications to these highly 
methylated areas, typically associated with the promoter regions of genes, can serve as historical markers 
of exposure or chemical stress105 with increases in methylation generally being associated with decreases 
in expression66. These CpG islands can be used as epigenetic biomarkers of exposure to classes of 
compounds associated with the gene of interest. An advantage of the use of epigenetic biomarkers over 
other endpoints, such as transcriptional or metabolic endpoints, is that after the chemical stressor is 
removed the epigenetic modifications remain present62. Evidence has been collected suggesting that early 
exposure to environmental mixtures significantly increases risk for the development of multiple disease 
states that do not present themselves until later in adulthood116. 
Few studies have been performed pairing environmental contaminants with their associated 
epigenetic effects. One study considered global methylation of sperm from mice in situ exposed to air 
pollution from integrated steel mills and a major highway; in comparison to HEPA-filtered air, the mice 
exhibited hypermethylation in the global DNA of the extracted sperm and a 1.6-fold increase in sperm 
mutation frequency148. In another study using a pyrosequencing-based method of bisulfite converted 
DNA, it was shown that there was a correlation between global DNA hypomethylation, as measured in 
sperm, and DDT/PCB exposure in Greenlandic Inuit populations. This population is noted to have the 
highest reported persistent organic pollutant (POP) levels of any other group119; similar studies have been 
conducted in other populations, including European ones where no correlation in methylation of sperm at 
repetitive DNA sequences were observed in response to POP exposure although global hypomethylation 
was again observed in sperm36. Studies have not been limited to animal models; transgenerational 
epigenetic modifications from chemicals and other stressors have even been observed in plants as 
well140,109. What has not been explored is region-specific differential methylation in response to 
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environmental toxicant mixtures and how the chemical profile of the environmental mixtures relates to 
the epigenetic responses. 
Modifications to estrogen receptor genes would represent exposure to and response to endocrine 
disrupting compounds. Paired with whole organism exposures, this is a type of endpoint that represents a 
downstream event accounting for all exposure routes and metabolic transformations. And any other 
toxicants in the mixture (whether or not endocrine disrupting) that may influence the susceptibility or 
ADME (adsorption, distribution, metabolism, excretion) of endocrine disrupting compounds acting on the 
organism would also be reflected by epigenetic endpoints. The methylation endpoint is an all-inclusive 
and indiscriminate biomarker. It offers relief from the burden of understanding the environmental 
chemical composition as well as the convoluted and manifold interactions and mechanisms at play, 
reducing the equation to a single endpoint. If the question is ‘are anthropogenic stressors impacting the 
environment,’ this biomarker offers a yes or no answer. While epigenetic modifications do not necessarily 
translate to toxic effects or any adverse health outcome, they do serve as a record of an organism’s 
environment146. They can be preserved long after exposure and the transcription of mRNA that would 
translate to a physiological change, serving as a more reliable indicator of any chemical stress than 
endpoints like mRNA expression.  
Goals and Objectives  
The proposed research project was conceived with the aim of reducing the complexity inherent in 
assessing the toxicity of complex mixtures of environmental pollutants. The overall goal is to evaluate the 
application of a novel bioassay technique (assessing DNA methylation) that requires minimal sample 
preparation to characterize the long-term toxicity of site-specific mixtures that are representative of the 
location and sampling period’s unique chemical profile. Pharmaceuticals are of particular interest in this 
study, as they are a group of compounds ubiquitous in our surface waters and have known biological 
effects. Most work around chemically induced epigenetic modifications is limited to heavy metal toxicity 
or DNMT inhibitors13. Pharmaceuticals are deemed essential for the currently established quality of life 
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expected in developed countries and are likely to increase in prevalence and concentration in 
environmental compartments because of an increasing world population and expected life span. The 
pharmacotoxicokinetics of these drugs are not necessarily the same in the environment with non-human 
species as what is typically observed in humans due to the different means of exposure, as well as any 
genetic differences. Aquatic species are chronically exposed to pollutant mixtures, absorbing 
pharmaceuticals and other poorly water-soluble pollutants through both gastrointestinal and branchial 
routes; with skin being a significant route for some compounds despite the thickness, low relative surface 
area for adults, and limited blood perfusion, especially for juveniles which have a greater relative skin 
surface area131. This research project is driven by the pervasiveness of pharmaceuticals and the necessity 
to understand the impact they are having on the environment. 
Using only one analytical instrument, the methods of this project allowed for both chemical 
characterization, based on contaminants of known concern to the sampling sites, and an estimated degree 
of toxicity or impact, based on biomarker analysis. Chemical analyses provided insight into the degree of 
contamination between monitoring sites and the variation in chemical profiles between sites and between 
sampling periods. The initial aims of the research will not be centered around identifying key contributors 
to observed adverse effects, but on the assumption that a holistic toxic effect is taking place in which the 
toxic impacts of the individual constituents do not necessarily sum to that of the total mixture – there are 
emergent properties145. In assessing toxicity, the chosen epigenetic biomarker and toxic endpoint will be 
region-specific differential DNA methylation. Samples from sites of varying contamination were be used 
to establish a relationship between region-specific DNA methylation and the makeup of a chemical 
mixture. Endocrine disruption toxicity is not the specific concern of this research, but rather because it 
derives from a class of compounds of significant concern, particularly given how many chemicals are 
known to be or suspected of being such35,76, the class of contaminants was selected to study this type of 
biomarker for use in environmental risk assessments. This research will provide an elementary 
understanding of mixture toxicity and establish a foundation for further research. The telos of this work is 
its application for environmental monitoring. Rather than expend time and energy towards understanding 
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the chemical makeup of anthropogenic pollutants in aquatic environments, epigenetic biomarkers can 
hopefully be employed as a first line of inquiry into understanding how impacted waterways are and if 
there is any concern regarding the development and fitness of its flora and fauna. 
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Chapter 2 
Chemical Monitoring of Surface Waters 
 
Abstract 
 
Seven locations across three rivers and two lakes in Georgia and South Carolina were monitored 
with passive sampling devices (PSDs) for two and half years. Sampling periods were approximately four 
weeks in length. Earlier research in the lab showed differing, and significant responses from fish sampled 
at many of these sites using the ethoxyresorufin-O-deethylase (EROD) and glutathione S-transferase 
(GST) bioassays. These results were proceeded by a long-term chemical monitoring project using polar 
organic compound integrated sampler (POCIS) devices and low-density polyethylene (LDPE) strips to 
analyze for estrogens, pharmaceuticals and personal care products (PPCPs), PAHs, and PCBs. POCIS 
extracts for estrogen analysis were derivatized with dansyl chloride and analyzed for estradiol (E2), 
estrone (E1), ethinyl estradiol (EE2), and BPA using Ultra-Performance Liquid Chromatography tandem 
Mass Spectrometry (UPLC-MS/MS). Underivatized POCIS extracts were analyzed for seven other 
PPCPs with the same instrument. Levels of PPCPs analyzed from the Savannah River were estimated to 
be at ng/L to sub-ng/L concentrations, below physiologically relevant concentrations. PAH analysis was 
performed for the EPA Priority 16 using Gas Chromatography Electron Impact Mass Spectrometry (GC-
EI/MS). Sites downstream of the Sangamo-Weston Superfund site were monitored for 128 PCB 
congeners using GC-ECD. Total PCB concentration ranged between 5-12 ng PCBTOT/g PSD. The 
chemical profiles for each site varied among one another, as well as throughout the year. Overall 
concentrations were greater near more urbanized areas, although PPCPs were ubiquitous and identified at 
every location for every time point.  
Introduction 
 
Passive sampling devices (PSDs) have been in use since the 1980’s with solvent-filled dialysis 
membranes for the purpose of concentrating environmental contaminants for analysis125. PSDs act as 
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biological surrogates, concentrating pollutants without losing any exposure information as a result of 
metabolism and excretion. Compared to continuous sampling, the benefits are that PSDs do not require 
power and are relatively inexpensive. Compared to grab samples, the benefit is that they can capture 
pollutants that fluctuate over time and could be missed if only measured at a single point in time142. This 
provides a more representative measurement of the complex mixtures of contaminants present in the 
environment. Two groups of passive samplers were used, ones with integrative (kinetic or linear) and 
ones with equilibrium accumulation regimes. Equilibrium passive samplers are typically applied for 
hydrophobic compounds, and given that the accumulation regime is not linear, TWA concentrations 
cannot be estimated. The accumulation of the analytes is occurring through a partitioning, or absorptive, 
process. General levels of contamination can be determined with the uptake rate constant (ku), the 
elimination rate constant (ke), and the phase-water partition coefficient (Ksw). In the case of the PAH and 
PCB analysis, analytes being concentrated would be partitioning between the water and the LDPE 
samplers.  
A group of emerging contaminants receiving an increasing amount of attention are 
pharmaceuticals and personal care products (PPCPs), in no small part due to the fact that many of these 
products are designed with the distinct purpose of producing a physiological response63. PPCPs include 
compounds such as antimicrobials, musks, steroids, antihistamines, detergents, and cosmetic additives. 
And unlike pesticides, which are incidentally and selectively applied, PPCPs are continuously being used 
and discharged94. For pharmaceuticals, metabolism is usually incomplete; on average, only about 50% of 
a drug is metabolized88; and for some drugs the relative potency of the metabolites may be comparable to 
the parent, or even exceed that of the parents88. The waste water treatment plants (WWTPs) responsible 
for keeping the toxicants we generate from reaching our waterways, are limited by technology, resources, 
and the sheer volume of waste water needing treatment. Removal efficiencies can be less than 10% for 
certain compounds, with fluoxetine (a common anti-depressant SSRI) having a removal efficiency of only 
about 7.5% in a WWTP using activated sludge treatment18. A study measuring the persistence of 
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pharmaceuticals downstream of WWTP input sources found the measured analytes to remain detectable 
for the full length of the sampling zone (7km)14. Compounds entering surface water through runoff or 
deposition avoid any remedial treatment altogether.  The Savannah River is ranked as the third most 
impacted river in the country based on reports of pollutant releases into surface waters from the EPA’s 
Toxics Release Inventory, though this is solely based on the amount of pollutant input and does not 
account for river flow and volume. 
 Integrative samplers accumulate analytes through an adsorptive process with no significant loss 
of the compounds as it concentrates steadily on the receiving phase (ke is negligible compared to ku)141. 
Given the low elimination rate, the time to reach equilibrium is long. This applies to the sampling of 
PPCPs with the POCIS discs where the receiving phase is the HLB (hydrophilic lipophilic balance) 
sorbent (poly(divinylbenzene)-co-N-vinylpyrrolidone) which is sandwiched between two 
polyethersulfone (PES) membranes4. Certain compounds though can accumulate to a significant degree in 
the PES membranes and if accurate estimates are of concern, extractions of the membranes may be 
required. Uptake rate (Rs) is defined as the volume of water cleared of the analyte in a unit of time105. 
Increasing salinity resulted in a decrease in the uptake of basic compounds onto the POCIS98. pH and 
salinity mostly affect ionizable compounds.  
 As of 2012, more than 300 compounds have been identified from POCIS samplers, including 
PPCPs, hormones, and pesticides55. Unlike the LDPE, sequestration of the pollutants occurs by adsorption 
to the receiving phase rather than partitioning as occurs with the polyethylene strips. There are four 
compartments that govern the transport and sequestration of compounds: external boundary layer, 
diffusive membrane, internal water boundary layer associated with the receiving phase, and the receiving 
phase16. The complexity of the process by which compounds are sequestered by the POCIS is 
compounded with the addition of the diversity of functional groups present on polar compounds and the 
variety of environmental conditions. Some variables like natural organic matter (NOM) have been shown 
to have little influence on uptake. Other variables that are not often accounted for have been shown to 
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influence uptake such as membrane interactions, flow rate (to a degree), and pH or specific 
conductance141,29. The POCIS complements the LDPE by generally accumulating compounds of differing 
physico-chemical properties. Barring more ionizable compounds which are not collected by the 
pharmaceutical POCIS, the combined extracts of the LDPE and POCIS should represent well the 
mixtures present at each site, solely based on Kow. In addition, they collect unknown degradation products 
and metabolites that cannot be purchased – while their identification may not be feasible, their 
contribution to overall toxicity, as measured in bioassays, can be included. 
There are some issues to be aware of when combining PSD extracts with any bioassay, an 
important one being whether the extract is representative of the mixture in the sampled water. Long 
deployment periods paired with differing uptake rates of the compounds of interest may result in the over 
or underrepresentation of a particular compound’s contribution to the overall toxicity being tested55. 
Aside from physico-chemical characteristics influencing the sampling rates of each individual compound, 
the sampling rates are affected by the characteristics of the monitoring site including temperature, 
biofouling, and flow rate4. Increases in turbulence or the flow rate will decrease the water boundary layer 
and thereby increase uptake rates. Though a study on the influence of water flow on the uptake of 30 
polar compounds only observed a two-fold increase in uptake from a flow of 2.6 cm/s to 37 cm/s, with the 
exception of four of the compounds87. Based on USGS monitoring instruments, the average stream 
velocity for the first month’s deployment near the Augusta monitoring sites was 5.37 cm/s with any flow 
rate outside of the previously mentioned range necessitating an extreme weather event. 
Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) tend to 
accumulate in sediment negatively impacting its quality and can remain present in the system long after 
its release93. PAHs are produced through incomplete combustion processes and are found in such sources 
as petroleum, tar, exhaust, and emission from most burnt fuels. Based on the ratio of the PAHs, the source 
of the release can be determined (specific combustion sources possess respective PAH ‘fingerprints’); 
identifying specific origins of release can be difficult though as there are typically multiple sources, point 
and non-point, releasing PAHs into the environment. There are over 100 PAHs but the EPA has identified 
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16 (Appendix, Table 3) based on their toxicity and placed them on the Priority Pollutant List under the 
Clean Water Act40. The PAHs that make up the Priority 16 comprise only about 2% of total PAHs with 
alkylated and derivatized PAHs constituting the majority of the other 98% that is present in waterways59. 
Parent PAHs contribute to 2% of the concentration of PAHs in diesel fuel and 1% in crude oil. The 
majority of PAH composition in environmental samples consists of alkylated and sulfur-heterocyclics21. 
Some PAHs, such as benzo(a)pyrene (BaP), are carcinogenic. BaP is activated by the CYP1A1 enzyme 
which in turn can be induced by other PAHs resulting in a potentiation of the carcinogenic effects120. 
After being released into the environment, these semi-volatile compounds can remain present in the air, 
sediment, or water14. Low molecular sized PAHs are more readily taken up by fish through the gills and 
digestive tract67. The less soluble, high molecular weight PAHs will in contrast tend to accumulate in lipid 
tissue72. PAH mixtures extracted from environmental samples (by such means as LDPE passive sampling) 
can be analyzed and then the extracts used in bioassays to assess the relative toxicities of different PAH 
mixtures obtained from different monitoring sites. 
LDPE has an advantage over grab sampling in that it will capture pollutants that fluctuate over 
time. For nonpolar compounds like PAHs, LDPE has been utilized for sampling in both surface water and 
sediment17. The benefit of LDPE over semipermeable membrane devices (SPMDs) is that less cleanup is 
required because SPMDs utilize a nonpolar liquid component in its design, such as triolein, which can 
produce oleic acid impurities122. The LDPE accumulates the freely dissolved (which would represent the 
bioavailable fraction) hydrophobic PAHs in the surface water, which is the matrix of study in this 
assessment. As all the priority PAHs have a log Kow greater than 3 (with some of the larger compounds 
such as BaP with log Kow around 6), they all readily partition into the LDPE. Uptake rates of PAHs and 
PCBs, another class of hydrophobic contaminants, have not been found to be influenced by any relevant 
changes in flow rate (0.3-1.0m/s) for LDPE sampling devices1. 
PCBs are a class of legacy pollutants produced for industrial and commercial purposes due to 
their stability, insulating properties, and non-flammability97. Despite the termination of their production in 
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1979, due to the recalcitrance, resistance to metabolism, and bioaccumulative effect of PCBs, they remain 
of concern144. The slow degradation of high-chlorinated PCBs typically occurs through reductive 
dechlorination from microbial biotransformation, after which aerobic processes can further degrade low-
chlorinated congeners20. With 209 distinct congeners possessing varying levels of halogenation, different 
PCBs can have significantly different tendencies of volatilization, degradation, and bioaccumulation. 
Higher chlorinated PCBs will tend to accumulate in sediments and lipid tissues of animals to a greater 
degree while the lower chlorinated PCBs will be more likely to volatilize or be present in the water 
column. Overall profiles of the congeners can provide insight into time of historical input. The Sangamo-
Weston capacitor manufacturing plant released its PCB waste into Town Creek, a tributary of Twelvemile 
Creek that feeds into Hartwell Lake, which is now labeled a superfund site134. Most of the PCB 
contamination in the area can be attributed to the practices of the company with an estimated 200 metric 
tons having been discharged into the waterway. Due to the properties of PCBs and the extensive 
discharge into the waterways, fishing advisories remain in effect along the Savannah River as levels that 
are unsafe for consumption are still found to be present in the tissues of fish despite the Sangamo-Weston 
site having been closed for decades135.  
Due to the nonpolar characteristic of PAHs and due to the similarity in structure among them, 
analysis is often conducted using gas chromatography (GC) utilizing a low polarity column paired with 
either a flame ionization detector (FID) or mass spectrometer (MS). Moreover, the similarities in the 
physico-chemical properties of the priority PAHs make full separation of them difficult; analog PAHs 
with the same number of rings in their structure typically have similar boiling points which is the direct 
mechanism of separation through GC. Many widely used methods, including those approved by the EPA 
and state departments of environmental protection, do not achieve full separation and take in excess of 35 
minutes108. Halogenated compounds though can be just as easily analyzed with GC instruments coupled 
to an electron capture detector (ECD). Technological advances, especially in high-performance liquid 
chromatography couple with mass spectrometry (HPLC-MS/MS), have allowed the detection of low 
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environmental concentrations, which has led to the identification of pharmaceuticals in surface waters at 
sublethal concentrations69. The combination of the analytical technique and the PSDs’ ability to pre-
concentrate analytes offers greater sensitivity of measurement than previously possible. LDPE collect 
nonpolar (Kow~3-6) compounds and POCIS collects more polar (Kow<3-4) compounds3, complementing 
one another and when paired allow for the monitoring of a representative range of environmental 
pollutants, both spatially and temporally. The recent developments and improvements in analytical 
instrumentation and field sampling techniques provide a demonstrably clearer understanding of the 
distribution of pollutants in the environment.  
The goal of the study was to establish a partial characterization of the sampling sites. From the 
chemical monitoring the general presence and make up of pollutants could be assessed with respect to 
location characteristics; spatial and temporal differences in concentration and composition could be 
determined. From the chemical analyses of the samples, biological endpoints assessed in subsequent 
bioassays could be related to the composition and concentrations. 
Materials and Methods 
 
Materials 
 
PAH standards were obtained from VWR (ULPM-611-1) as a 100μg/mL mixture of 16 PAHs 
(EPA Priority 16) in 1mL of dichloromethane. Triphenylmethane was used as an internal standard and 
purchased from VWR as a solid preparation (TCT0515-025G). o-Terphenyl was used as a recovery 
standard and purchased from VWR as a solid preparation (TCT0019-025G). PAH analysis was performed 
on an Agilent 7890A GC with 7683B Series autosampler coupled to an Agilent 5975C inert MSD with 
Triple-Axis detector utilizing an electron impact (EI) ionizer on a J&W DB-5ms 122-5532 column (30m 
length, 0.25mm diameter, 0.25µm film thickness). 
PPCP standards, fluoxetine hydrochloride (CAS 56296-78-7), carbamazepine (CAS 298-46-4), 
diphenhydramine (CAS 58-73-1), trimethoprim (CAS 738-70-5), and 4-nonylphenol (CAS 104-40-5) 
were purchased from VWR. The estrogenic compounds, estrone (CAS 53-16-7; E9750-500mg), 17β-
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estradiol (CAS 50-28-2; E8875-250mg), and 17α-ethinylestradiol (CAS 57-63-6; E4876-100mg) were 
purchased from Sigma-Aldrich. Bisphenol A (CAS 80-05-7; BPA-A-S) and tris(2-chloroethyl)phosphate) 
(CAS 104-40-5; PFRS-024S) were purchased from AccuStandard. The deuterated estradiol standard (E-
061-1ML) was purchased from Sigma-Aldrich. Estrogenic compounds were derivatized with dansyl-
chloride (DNS) which was purchased from Fisher Scientific (3111551GM). Analysis of PPCPs was 
performed by Ultra-Performance Liquid Chromatography-Electrospray Ionization tandem Mass 
Spectrometry (UPLC ESI-MS/MS) on a Waters Acquity TQ-S system under ESI utilizing an Acquity 
BEH C18 column (100mm length, 2.1mm diameter, 1.7µm particle size). 
PCBs were purchased from AccuStandard and reconstituted in isooctane. Aroclor 1016 (C-216S-
TP) and Aroclor 1254 (C-254S-TP) were purchased at concentrations of 100 µg/mL. The PCB mixture of 
the two Aroclors constitutes 128 distinct congeners with Table 1 presenting all the constituent PCBs and 
their respective weight percentages in a 1:1 (v/v) mixture. The internal standards Aldrin (P-002S) and 
PCB 204 (C-204S-TP) were purchased at concentrations of 100 µg/mL in 1mL of methanol, each. The 
recovery standards PCB 14 (C-014S-TP) and PCB 169 (C-169S-TP) were purchased at concentrations of 
100 µg/mL in 1mL of isooctane, each. For use in the verification of the PCB peak identification, 3,5-
dichlorobiphenyl and 3,3’,4,4’,5,5’-hexachlorobiphenyl were purchased from AccuStandard. PCB 
analysis was performed on an Agilent 6890 GC system with a 60m RTX-5 column (fused silica; 0.25mm 
diameter, 0.10µm film thickness) coupled to an electron impact detector (ECD). 
The initial POCIS samplers and the field sampler containers that were deployed were purchased 
from Environmental Sampling. Subsequent POCIS samplers were constructed in the lab. Oasis HLB 
adsorbent material was purchased in bulk from Waters (186007549; 100g; 30 µm particle size). PES 
(polyethersulfone) membranes used in the construction of POCIS discs were purchased from Pall Life Sci 
(60311) in 90mm diameter precut discs with 0.1 µm pore size. LDPE (2mil; 50.8µm) was purchased as 
drop cloths from local hardware stores and cut into 40in x 1in strips corresponding to a surface area of 
approximately 258cm2. Wash solvents (methanol [MeOH], dichloromethane [DCM], hexanes) used in the 
cleaning and extraction of passive sampling devices were purchased from Fisher Scientific. 
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Passive Sampling Device Protocol and Deployment 
 
In this study, seven total sites were monitored with five sites selected in the Savannah River 
Basin, one in the Ogeechee River, and one in the Edisto River. Monitoring sites were determined in part 
based on previous unpublished biomarker research that found significant differences in responses from 
fish liver and plasma samples using the EROD and GST bioassays. Three monitoring sites were 
maintained along the Savannah River (below Augusta) at river miles (RM) 119, 179, 190 (river miles 
begin at the mouth of the river and increase going inland, meaning the further towards the source of the 
river the river mile increase). RM190 is surrounding by rural/light residential areas, RM179 is directly 
downstream of multiple paper mills and other industrial point sources, and RM119 is positioned below 
HW301 bridge. Two other sites were maintained within the Hartwell and Strom Thurmond dams (by 
permission from the US Army Corps of Engineers (USACE)), sampling water from Hartwell and Strom 
Thurmond Lakes, respectively. The number of monitoring sites was expanded to seven later in the study, 
incorporating three watersheds (Savannah, Ogeechee, Edisto) in total across South Carolina and Georgia. 
While no true reference site can exist due to the complete ubiquity of practically all classes of 
compounds, including pharmaceuticals, the Ogeechee and Edisto represent surface waters that as little 
impacted as could be found and monitored within the area. Passive sampling devices were deployed at the 
first five locations from October 2014 to May 2017. The deployment locations were paired with 
continuous water quality monitoring stations maintained by the Phinizy Center for Water Sciences 
(excluding USACE sites), a nonprofit environmental consulting group, that collected data on salinity, 
temperature, pH, and dissolved oxygen (DO). With a few exceptions due to unfavorable river conditions, 
sampling devices were replaced on a monthly basis. Samples were extracted from these devices for use in 
chemical monitoring and toxicity assessments. Surface water extracts of nonpolar analytes were obtained 
from low density polyethylene strips (40in x 1in) that were deployed in the Savannah, Edisto, and 
Ogeechee Rivers for 30 days. Extraction and exposure procedures were covered under IBC#2016-41. 
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PSDs were cleaned and constructed in the laboratory according to previously described methods4. 
The POCIS device was comprised of two metal o-rings, two polyethersulfone membranes, and 200mg 
HLB sorbing material. The HLB sorbent will generally bind to most analytes (it is a general purpose and 
commonly used solid phase extraction [SPE] sorbent) present in the environment the polyethersulfone 
membrane precludes the uptake of nonpolar compounds. Twenty-five PES membranes were placed in 1L 
of 20% MeOH and placed on a shaker under a hood for 24 hr. Two subsequent washes of 100% MeOH 
were performed under the same conditions. PES membranes were transferred to a solvent-rinsed 
aluminum foil and allowed to dry under the hood after which they were wrapped in foil and stored at -
20°C. Oasis HLB sorbent was packed into a gravity flow glass chromatography column with a glass wool 
plug and 250mL successive additions of MeOH, methyl-tert-butyl ether, DCM, and a second MeOH wash 
were performed. Sorbent was transferred to an evaporating flask and placed on a roto-evaporator at 50°C 
under vacuum until dry. Metal o-rings were solvent washed with MeOH and DCM. The POCIS was 
assembled using the cleaned materials and 200mg HLB sorbent after which it was stored at -20°C.  
Uptake rates for PPCPs used in the estimation of TWA concentrations were obtained from the 
literature104,87,16. Uptake rates for POCIS show variability within the literature as they are determined 
under a wide range of conditions (buffered/unbuffered, lab/field, quiescent/turbulent, etc). The uptake 
rates used to estimate TWA concentrations for this project were selected from laboratory derived values 
using well-defined flow through calibration systems that controlled for temperature, turbulent conditions, 
pH, conductivity, DOC, and flow rate. 
Using PSD concentrations determined from chemical analysis for the selected analytes (methods 
described below), TWA concentrations were estimated for PPCPs and freely dissolved concentrations in 
the water were estimated for PAHs and PCBs. TWA concentrations (Cw) were determined using 
literature derived uptake rates and equation 1, where Cs represents the POCIS concentration, Ms 
represents the mass of the sorbing material, Rs represents the laboratory determined uptake rate, and t is 
the deployment time in days104,87,16. 
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Equation (1) 
𝑪𝒘 =
𝑪𝒔 ×𝑴𝒔
𝑹𝒔 × 𝒕
 
 
Dissolved surface water concentrations (Cw) were determined for PAHs and PCBs using equation 
2 where CLDPE represents LDPE concentration of analytes, and KLDPE/W represents the LDPE-water 
partitioning coefficient92,33. 
Equation (2) 
𝑪𝒘 =
𝑪𝑳𝑫𝑷𝑬
𝑲𝑳𝑫𝑷𝑬/𝑾
 
From these estimations, comparisons were made to identify spatial and temporal variations in the 
makeup of the chemical mixtures. Differences among samples serve to explain differences in bioassays. 
From the chemical monitoring, an objective is to assess to what degree the chemical profile of monitoring 
sites vary and how that variability translates to the bioassay endpoints. 
Extraction of PAHs (polycyclic aromatic hydrocarbons) and PCBs (polychlorinated biphenyls) 
from LDPE was based on previously developed methods43. Of the cleaned and dried LDPE samples, the 
blank and one replicate were spiked with ~200 ng PCB 14 and PCB 169, and ~1.5 µg o-terphenyl 
(recovery standards) prior to two sequential 24 hr extractions with DCM. Samples were treated with 
sodium sulfate (Na2SO4) (dehydrating agent), concentrated by rotary evaporator, solvent exchanged to 
hexanes, and one extract was spiked with ~36 ng Aldrin and PCB 204, each, and ~1 µg triphenylmethane 
(internal standards) before storage at -20°C in amber glass, crimp top autosampler vials. Two replicate 
samples were not spiked for potential use in bioassays. 
Polychlorinated Biphenyls (PCBs) 
 
Analysis was performed for the 128 PCBs that make up the Aroclor mixtures 1016 and 1254. The 
method development and optimization for PCB analysis by GC-ECD was based on previous work43. 
Aldrin and PCB 204 were used for internal standards.  PCB 14 and PCB 169 were used as recovery 
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standards. Verification of each peak needed to be conducted on the instrument. Samples were analyzed 
using an Agilent 6890 system with a 60m RTX-5 column (0.25mm I.D. x 0.3µm film thickness; low-
polarity phase cross-bond diphenyl dimethyl polysiloxane). The GC was equipped with a 63Ni electron 
capture detector. Helium was used as a carrier gas and nitrogen was used as the makeup gas. Overall 
runtime was 73.5 min. Standard curves were developed using Microsoft Excel. Peaks were identified, and 
individual congener concentrations calculated, using a Macro developed with Visual Basic (VBA).  
Polycyclic Aromatic Hydrocarbons (PAHs) 
 
A GC method for the analysis of the priority PAHs was developed by improving upon a method 
established by the Massachusetts Department of Environmental Protection (MA DEP)108. This method 
was applied towards analyzing ratios and concentrations of PAHs from environmental mixtures extracted 
from the LDPE passive sampling devices and exposure media of bioassays used to assess the potential 
toxicity of environmentally relevant mixtures. 
 A standard mixture of the 16 priority PAHs combined with the internal standard (IS) o-terphenyl 
were utilized in the development of the standard curves. Separate solutions of the standards were prepared 
in isooctane at a concentration of 1 µg/mL and from that stock dilutions were prepared. Accurate 
concentrations of the standards were determined by weighing the amount of the purchased stock 
transferred and weighing the amount of solvent used, then multiplying the weights by the density of the 
respective solvent to determine accurate volumes. The standards were stored in amber glass vials, as 
PAHs are photosensitive, with Teflon-lined caps and kept at -20°C until they were to be analyzed. Before 
analysis, 1 mL of the PAH standard and 0.25 mL of the o-terphenyl IS were added to each amber GC 
crimp top vial. 
The concentrations of the prepared standards used in this project were based on other chemical 
monitoring studies as well the recommendation in EPA Method 610 to establish a calibration curve of six 
concentrations ranging from 0.1-400 µg/L (based on EPA methods). PAH sediment concentrations along 
the coasts and river banks of a Malaysian island frequently trafficked by boats and ferries found a mean 
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concentration of 1167 ng/g sediment40. Studies assessing surface water concentrations have found 
individual compound concentrations ranging from 0.04 ng/L to 2 ng/L17 and total PAH concentrations 
reaching levels as high as 2,200 ng/L71; these are estimated water column (freely dissolved) 
concentrations estimated from the total concentration of PAH(s) extracted.  
 The analysis of PSD extracted PAHs was performed using cleaned low-density polyethylene 
strips (LDPE). LDPE strips were cleaned and prepared according to procedures established by the EPA 
Method 6104 and Allan et al. (2012)2 using a fume hood. The plastic drop cloth was cut into 40”x1” strips 
and ~1” loops were heat sealed at either end constituting a surface area of 258.06 cm2. The strips were 
then cleaned by consecutive 24-hour submersion in hexane, dichloromethane (DCM), and methanol, 
respectively, in that order (from least polar to most polar). For each cleaning procedure, 10 LDPE strips 
were placed in a 1L (0.1% acetic acid rinsed prior to use) glass beaker and filled with hexane till complete 
submersion of the LDPE strips. The beaker was covered with aluminum foil to limit evaporative loss of 
the solvent and kept in the fume hood for 24 hr. The same steps were followed for DCM and MeOH. 
Before storage, LDPE strips were removed from the MeOH, laid out individually on solvent rinsed 
aluminum foil in the fume hood, and allowed to dry. The LDPE strips were then wrapped in solvent-
rinsed aluminum foil, placed in a plastic bag, and stored at -20°C until used.  
Initial method development for PAH analysis was attempted with HPLC-UV/vis and GC-FID 
(Appendix). Unsatisfactory results were produced using the instruments and chemical monitoring for 
PAHs was ultimately performed using GC-MS. GC-MS analysis of the PAHs was performed using an 
Agilent 7890A GC with 7683B Series autosampler coupled to an Agilent 5975C inert MSD with Triple-
Axis detector utilizing an electron impact (EI) ionizer. The column used was a J&W 122-532 column 
(30m x 0.25mm I.D. x 0.25µm film thickness), which corresponds to a phase ratio of 312.5. The 
instrument conditions and oven temperature programs used in the optimized method on this system is 
presented in (Appendix, Table 4). Instrument MS scan mode was run from 70-350 atomic mass units 
(amu). The single ion monitoring (SIM) parameters used in the analysis are presented in (Appendix, 
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Table 4). The optimized method for the GC-EI/MS was utilized to analyze deployed LDPE extracts and 
run SIM mode analysis. 
The development of the GC-EI/MS instrument method was performed using a standard solution 
with 1 µg/mL PAH and OTP. Run time totaled 30.125 min and despite alternative temperature 
programming and increased run times, there were three pairs of semi-coeluting peaks (Appendix, 
Figure 4). The three semi-coeluting peaks were of chrysene and benz(a)anthracene, benzo(b)fluoranthene 
and benzo(k)fluoranthene, and indeno[1,2,3-cd]pyrene and dibenz(a,h)anthracene. With the exception of 
the last pair, each pair of compounds possess the same molecular weight and nearly the exact same 
structure (Appendix, Table 3). The last pair differs by two mass units though both possess the same 
number of rings. 
The background instrument response for this method began at 12,000 and increased to 150,000 at 
the highest oven temperature (310°C). Post data acquisition, extracted ion chromatograms were produced 
using the identified base peaks. PAH analytes on the chromatogram were able to be better resolved from 
the background noise, especially the late eluting compounds where background noise was high. Based on 
the fragmentation patterns of the background noise selected directly before each eluted compound on the 
chromatogram, column bleed appeared to be the main source with silated compounds frequently being 
identified by the library. In the case of the late eluting analytes it was verified from the fragmentation 
patterns that the interfering analytes from the column bleed were reaching comparable concentrations to 
the PAH base peaks. 
Run in SIM mode, with the parameters defined in (Appendix, Table 4), a better signal to noise 
ratio was obtained (background response ~300), though there was a decrease in peak height or sensitivity 
due to the use of SIM. The PAH spiked LDPE isooctane extracted sample was rerun in SIM mode and 
analyte peaks were identified although the low concentration made it particularly difficult to distinguish 
peaks (especially coeluting peaks) at later elution times. Undecane was not removed from the 
chromatogram due to similarity of fragmentation peaks to analyte base peaks, though hexadecanoic acid 
24 
 
was excluded from the analysis by use of SIM. The abrupt drops in the background response of the 
chromatogram correspond to the programmed changes in the SIM parameters. Standard curves were 
developed, and peaks identified, using Microsoft Excel with sample analytes identified from relative 
retention times (RRTs) that fell within ±0.5% of the standard derived RRTs. This tolerance is suggested 
in the Commission Decision 2002/657/EC118 and falls within two standard deviations of all the measured 
analytes. According to EPA Methods 8260C and 8270D, an acceptable window around RRT established 
from standards for samples is ±0.06. For most RTs the suggested 0.5% is much greater than two standard 
deviations. 
Pharmaceuticals and Personal Care Products (PPCPs) and Estrogenic Compounds 
 
The extraction of POCIS is based on previously established methods3,94. POCIS devices were 
disassembled, the sorbing phase transferred to glass gravity chromatography column, and finally extracted 
with 25mL MeOH. One replicate was spiked with ~90ng 17β-estradiol-d5 prior to extraction. The sample 
was concentrated by rotary evaporator to ~1mL and divided into two equal 0.5mL samples. One portion 
was transferred to MS-grade amber, silanized glass autosampler vial for analysis of PPCPs (fluoxetine, 
carbamazepine, diphenhydramine, trimethoprim, and tris(2-chloroethyl)phosphate); silanization limits 
analyte loss of polar compounds from binding to the glass vial. The other portion was derivatized with 
dansyl-chloride (DNS) for analysis of endocrine disrupting compounds (estrone [E1], estradiol [E2], 
ethinylestradiol [EE2], and bisphenol A [BPA]) following a previously established method122. In the 
derivatization of BPA, both hydroxyl groups were derivatized, which significantly increased the 
molecular size of the analyte. Samples were stored at -20°C until chemical analysis. 
Analysis of the POCIS extracts was performed by UPLC ESI-MS/MS. Analytes were chosen 
based on their prevalence69 and toxicological relevance. Instrument methods (Table 1) were developed on 
a Waters Acquity TQ-S system utilizing an Acquity BEH C18 column (1.7µm, 2.1mm x 100mm). 
Separate methods were developed for PPCPs and EDCs with both being run in ESI+ mode. Column 
temperature was set to 50°C and the autosampler manager was set to 10°C. The inlet method was initiated 
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with a mobile phase of 50% 5mM ammonium bicarbonate (Fluka 40867-50G-F) pH-adjusted with 
ammonium hydroxide (Fisher Sci A669-500) to 10.10 and 50% MeOH at a flow rate of 0.350mL/min. 
Initial conditions were maintained for 1.50 min and the organic phase increased to 70% over the next 
minute (2.50 min) when it was held for 4.50 min after which it was returned to initial conditions. There 
was a total run time of 9 min. One µL injections of sample were used in the analysis. Nitrogen was used 
as the desolvation and cone gas at 800 L/hr and 150 L/hr, respectively, and at a nebulizer pressure of 7 
bar. Argon was used as the collision gas with a flow rate of 0.15 mL/min. Ion pairs were monitored for at 
a dwell time of 168 ms. Data acquisition was performed with MassLynx and the data was analyzed using 
Excel. 
Table 1. MS Conditions for PPCPs 
Compounds Parent Daughter1 Daughter2 Cone (V) Collision (V) RT (min) 
Carbamazepine 236.98 164.99 178.91 42 36/34 2.17 
Diphenhydramine 256.06 165.03 166.99 4 38/14 5.32 
TCEP 286.89 98.81 160.88 32 24/16 1.71 
Trimethoprim 291.03 122.94 230.07 60 24/22 0.92 
Fluoxetine 310.08 148.05 43.96 28 8 6.28 
 
Estrogenic compounds were run under similar conditions although they required an alternative 
inlet method for chromatographic separation (Table 2). Underivatized, estrogenic compounds were poorly 
ionized and did not produce sufficient sensitivity to identify analytes at the low concentrations at which 
they were present. To combat this, estrogenic compounds were derivatized with dansyl chloride based on 
previously established methods14,5. No modifiers were utilized in the mobile phases. Flow rate was set to 
0.350 mL/min with an initial inlet method condition of 40% water and 60% MeOH. This was maintained 
for 0.5 min and increased to 95% MeOH up until 3.25 min which was maintained until 6min after which 
initial mobile phase conditions were reestablished. Run time totaled 7.50 min. 
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Table 2. MS Conditions for Estrogenic Compounds (dansylated) 
 
Compounds Parent Daughter1 Daughter2 Cone (V) Collision (V) RT (min) 
DNS-Estrone 504.10 156.03 171.05 60 54/32 4.55 
DNS-Estradiol 506.10 156.02 171.04 54 52/32 4.60 
DNS-
Ethinylestradiol 
530.08 155.97 170.99 74 58/34 4.55 
DNS-BPA 695.10 155.96 234.97 100 64/34 5.09 
 
Results 
 
PCBs and PAHs 
 
PCB analyses were performed for three of the seven sampling locations at six time points 
(Figure 1). Concentrations of PCBs are total PCBs as represented by 128 congeners identified from 83 
peaks. The PCBs show at times a trend of decreasing in concentration downstream, likely because the 
source of which would be expected to be the Lake Hartwell Superfund site (Sangamo-Weston) upstream 
of the sampling sites, though it is highly variable. A limited number of samples were analyzed for PCB 
concentrations as the focus of subsequent bioassay studies were directed towards pharmaceuticals. Of the 
samples analyzed, river miles 119, 179, and 190 were exclusively tested as they were the sites expected to 
have the highest levels of PCBs given the locations downstream of the superfund site. Concentrations for 
individual congeners at each site is presented in the Appendix (Appendix, Table 6). 
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Figure 1. Total Mean PCB Concentrations Across Savannah River Monitoring Sites 
 
 As there is not an established consensus in the scientific community regarding how and to what 
degree environmental conditions can influence the uptake of pollutants into the variety of PSDs currently 
in use, water quality parameters were collected for the monitored time points as part of my study. 
Temperature and pH values were obtained from the continuous river monitoring probes maintained by 
Phinizy Center for Water Sciences (Augusta, GA). Passive samplers were deployed directly adjacent the 
Phinizy monitoring probes. Discharge rates were obtained from USGS monitoring sites. Water quality 
parameters and discharge values presented in Figure 2 represent averages over the PSD sampling period 
of 15 min continuous readings. 
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Figure 2. Relation between water quality parameters and PCB concentration a) Total PCB/LDPE for 
RM179 b) Average discharge for sampling location (USGS) c) Water temperature at site d) pH at site 
 
 For PAH calculated surface water concentrations, naphthalene, the lowest weight PAH (and the 
highest vapor pressure), had the greatest concentrations. Given significant decreases in water solubility as 
ring counts increase, this was not unexpected. When comparing the fingerprint of the EPA 16 at each site, 
greater differences can be observed prior to calculating Cw estimates. Raw concentrations of PAHs 
present in the LDPE offers a differing view of the PAH profile (Appendix, Tables 12-16).  
 Across sampling sites, ranges of Cw PAH concentrations were similar (Appendix, Tables 7-11). 
For RM119 concentrations ranged from 30.8-73.5 ng/L over the course of the study (10/2/2014 – 
3/8/2017). Concentrations ranged from 7.4-68.6 ng/L for RM179, 8.7-67.4 ng/L for RM190, 25.3-38.7 
ng/L at Hartwell Dam, and 20.4-23.2 ng/L for the Edisto River sampling location. Clear differences 
across sampling locations or from seasonal variability are not obvious from estimated Cw datasets. Clearer 
differences between sampling sites and between seasons can be observed when comparing the 
predominant PAH concentrated in the LDPE.  
a) b) 
c) d) 
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Figure 3. PAH Profiles (LDPE Concentrations) Between Sampling Locations for 3/6/15 – 4/10/15 Period 
At RM119, the predominant PAHs were naphthalene, pyrene, and chrysene; chrysene was 
predominant in warmer months and LDPE PAHTOT concentrations ranged from 718.6-1193.5ppb. At 
RM179, the predominant PAHs were fluoranthene and pyrene with pyrene being present at greater 
concentrations in warmer months; LDPE PAHTOT concentrations ranged from 871.4-1070.1ppb. At 
RM190, the predominant PAHs were pyrene, fluoranthene, and chrysene; During the warmer months, 
chrysene was the most concentrated PAH and LDPE PAHTOT concentrations ranged from 641.4-
1244.8ppb. At Hartwell Dam, the predominant PAHs were chrysene and fluoranthene; LDPE PAHTOT 
concentrations ranged from 263.4-649.9ppb. At the Edisto River sampling location, pyrene and 
fluoranthene were the predominant PAHs; LDPE PAHTOT concentrations ranged from 399.5-719.5ppb. 
From total LDPE concentrations, it appeared there were lower PAHs levels present at Lake Hartwell and 
in the Edisto River compared to the Savannah River. 
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PPCPs and Estrogenic Compounds 
 
 TWA concentrations of the five PPCP and estrogenic compounds were estimated ranging from 
0.01-50 ng/L for each individual compound (Appendix, Tables 17-22). Level of discharge appeared to 
have little influence on analyte uptake to passive sampling devices, which matched reports stating the 
most significant differences in uptake with respect to flow rate were between static and turbulent systems 
(Figure 4). Trends represented as ng/POCIS, not estimated to TWA concentrations, are presented in 
(Appendix, Figure 5). 
  
  
Figure 4. TWA Estimates (ng/L) of Pharmaceuticals Across RM119, 179, and 190 Monitoring Locations 
from Oct. 2014 to Oct. 2015 a) Carbamazepine b) Fluoxetine c) Trimethoprim d) Diphenhydramine 
The highest concentrations of pharmaceuticals were identified in the Savannah River, below 
Augusta. The PSDs placed within the dams that received water from Hartwell and Strom Thurmond lakes 
had lower overall concentrations of pharmaceuticals than the PSDs deployed in the Savannah River itself, 
while the rural locations along the Ogeechee and Edisto have little to no detectable pharmaceuticals 
a) b) 
c) d) 
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(TCEP was present when pharmaceuticals were not). For the purpose of this study, the Edisto River 
sampling site was considered a reference site. It was the only location that did not have detectable levels 
of each measured analyte. Only 2-3 analytes per sampling period were detectable while every other site 
had detectable levels of all five compounds for every sampling event. Concentrations for any analyte 
never exceeded 2ng/POCIS. The one analyte found across all sites and for every sampling event was 
TCEP, a flame retardant. 
Trends among the concentrations of the five analytes were not observed. Trends were not 
expected because they are dependent on demographic usage of the four pharmaceuticals. For example, 
there is no relationship between anti-psychotic usage (carbamazepine) and anti-histamine usage 
(diphenhydramine). As would be expected though seasonal trends in pharmaceutical usage were 
observed. Increases in anti-histamine usage were observed at the beginning of spring and throughout the 
summer (beginning in March and extending through August; Figure 4). Clear seasonal trends were not 
present for the other pharmaceuticals. Trends that were dependent on the physico-chemical nature of the 
observed analytes were observed in the sampling sites along the Savannah River. For carbamazepine, 
presumably due to its resistance to environmental attenuation82 and continued input through the multiple 
point sources (WWTPs; Appendix, Figure 3), its concentrations increased downstream (from RM190 to 
RM119). Concentrations and temporal variations of the measured analytes were observed across the three 
Savannah River sampling sites. Between the two monitored lakes, concentrations were greater in Hartwell 
compared to Strom Thurmond. Of the estrogenic compounds sampled (limited to RM190), BPA was the 
only detected analyte.  
Discussion 
 
 The PCB concentrations freely available in the water column were low. The PCB uptake and 
accumulation into LDPE at RM179 do not appear to be significantly influenced by discharge, which 
increased over three-fold, or by changes in temperature (Figure 2). While a trend appears to be present for 
pH, it is unlikely that PCBs, would be influenced by pH, which was a case of correlation, not causation. 
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Though there is the possibility that differences in pH, likely from detritus input into the surface waters 
contributing humic acids and other organic acids from foliage and soil could be influencing sediment 
bound (and other aquatic organic material like DOC) PCBs. The sediment serves as a sink, so any water 
quality parameters that can influence the sediment can in turn relate to freely dissolved levels of PCBs in 
surface waters.  
PCBs tend not to stay within the water column which is reflected in the low concentrations 
measured in the surface waters. Total PCB concentration ranged between 5-12 ng PCBTOT/g LDPE with 
no clear trends being presented either spatially or temporally. Variations in the amount of sediments with 
higher relative bound PCB concentrations traveling through Hartwell dam and downstream are likely the 
cause of observed variations in water column concentrations. No significant differences, either between 
individual sites over differing sampling times or between different sites, were observed. 
For the method development of PAH separation and analysis, the best resolution, given column 
type (J&W DB-5ms) and run time limitations, were achieved. Coeluting peaks were still present in the 
final method due to the similar physico-chemical properties of the compounds. With the GC, separation is 
a function of the differences in boiling points among analytes. Because some analytes had a difference of 
only 1°C (e.g., BaP with 481°C and BkP with 480°C), and the optimal difference in boiling points 
between analytes are >30°C, it is not likely changes in the instrument conditions or oven temperature 
program alone can result in complete separation. As the parent PAHs have no constituents or functional 
groups to which a derivatizing agent can be attached to alter its properties (such as its volatilization) and 
no heteroatoms present within any of the ring structures, the current degree of separation is the best that 
can be achieved with the column at hand.  
Freely dissolved surface water concentrations of PAHs have been estimated around 50 ng/L with 
di- and tricyclic species representing ~90% of the PAHs identified in other studies, likely due to their 
greater hydrophilicity. The predominant species for either Cw estimates or LDPE concentrates were two-
ring and four-ring structures, with two-ring being predominant for Cw estimates and four-ring structures 
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being predominant in the LDPE concentrates (Appendix, Tables 7-11). The lower comparative 
concentrations of three-ring PAHs can be postulated to be a product of the point source origins of the 
compounds, which include but are not limited to paper mills, automobile exhaust, and tar/oil transported 
through runoff. The lower concentrations can be attributable to the profiles of the sources’ combustion 
materials. If comparable concentrations of three- and four-ring PAHs were released, greater levels of the 
three-ring structures due to their greater relative hydrophilicity would be present in the water column and 
collected by the LDPE PSDs.  
Three-ringed PAHs have been tied to cardiotoxic endpoints observed in zebrafish exposed to 
crude oil147. While the lower levels of these structures compared to the other larger PAHs in the measured 
profiles might suggest that discharge of oil into the Savannah or Edisto rivers may not be a significant 
contributor or that cardiotoxic events may not be of concern in the monitored waters, bioassay results 
reported in chapters three and four showed such endpoints, such as pericardial edema, were a common 
toxic endpoint from exposure to the LDPE extracts. Methylated tricycylics (methylphenanthrenes and 
methylanthracenes) have been shown to be primary drivers of developmental toxicity37. Only parent 
compounds were analyzed in this study and parent PAHs making up only 2% of the overall profile, as 
established in other studies. With the limited overall contribution to the entire PAH content, observed 
adverse effects in subsequent bioassays cannot confidently be attributed solely to the measured parents. 
During warmer months, there was an increase in higher weight PAHs which could be expected from 
simple physico-chemical properties attributing to volatility.   
Compared to other impacted field sites assessed in other studies, PAH concentrations are 
relatively low but could still contribute to chronic toxic effects in aquatic vertebrates and other organisms. 
The lowest observed developmental effects in Japanese medaka were from total PAH concentrations (as 
defined by sum of BaA, BaP, and fluoranthene) of 0.7µg/g sediment83. Surface water levels of 50 ppb 
BaP have been shown to be lethal to newt larvae48. The USEPA maximum contaminant levels (MCL) of 
PAHs in drinking water are set at 0.2 ppb of which the measured concentrations for this study were all 
above. The measured concentrations are within the realm of potential adverse health effects to freshwater 
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organisms although they are significantly below any lethal effect levels. Differences in the predominant 
PAHs and PAH profiles across sampling sites suggested a variety of sources contribute to the measured 
profiles making any assumptions of the sources based on fingerprints untenable.  
Pharmaceuticals and personal care products are more variable and complex in their structures 
than PCBs or PAHs; this prevents broad generalizations regarding toxicity, degradation, distribution and 
organismal uptake from being made across all pharmaceuticals. The environmental concentrations 
measured in the Savannah River basin ranged in the ng/L concentrations. Taking for example one of the 
measured pharmaceuticals, therapeutic levels of fluoxetine translate to 15-55ng/mL blood plasma levels 
with respect to human dosaging24. This would be well below any therapeutic effect as related to human 
effects. Exposure concentrations of 10µmol fluoxetine have been shown to produce behavioral effects on 
aggression and associate learning in Siamese fighting fish, well above that observed44 (ng/L is in the 
femptomol range). However, ng/L concentrations of fluoxetine have been demonstrated to alter predation 
risk behaviors in shore crabs (Hemigrapsus oregonensis) in the presence of predators as measured by 
increased foraging and locomotor activity114. The authors also showed higher rates of mortality from 
increased agonistic interactions. Despite being present at the lower end of potential behavioral effects, 
fluoxetine is only one of several antidepressants on the market. Most studies do not consider the 
potentiating effects or other mechanisms at play that may lead to increased susceptibility to SSRI 
antidepressants in complex mixtures. Fluoxetine was measured in the Savannah River being at the lower 
end of potential adverse behavioral effects and it is likely other SSRI antidepressants are present. Given 
this, any assumptions made on fluoxetine alone with respect to adverse health effects would be 
underestimations of its impact on the ecosystem. 
Conclusion 
 
Contrary to its label as the third most polluted river in the country, when volume and discharge 
are taken into account, the concentrations of contaminants in the Savannah River are not high, although 
concentrations of pharmaceuticals and PAHs were significantly higher than those found in the reference 
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site (Edisto River). PAH concentrations were more comparable than were pharmaceuticals. Individually, 
the concentrations of any pharmaceutical were only found to be at or below the levels for adverse 
behavioral effects in susceptible species, as noted in the literature. The potential adverse effects of the 
individual compounds in the context of the complex mixtures they are a part of could have clearer and 
more demonstrable effects on the ecosystem of the Savannah River basin.  
With seasonal differences in some pharmaceuticals observed presumably from trends in human 
usage, there may be seasonal differences in environmental impact. Research that follows community and 
ecosystem changes in behavioral and fitness endpoints in relation to trends in pharmaceutical usage over 
time could deliver interesting results. The persistence of certain recalcitrant pollutants (PCBs and flame 
retardants such as TCEP), despite bans or limitations to their production is concerning. Continued 
monitoring of these contaminants of concern (COCs) should be maintained. Understanding both the 
differences in effects from the PPCPs within the context of complex mixtures as well as changes 
regarding water quality parameters deserved more extensive research; mechanisms of toxicity ought to be 
given less importance over long term effects to fitness and community populations or dynamics within 
ecosystems. Studies on the lethal and sub-lethal effects of diphenhydramine on aquatic organisms showed 
that pH (in tandem with diphenhydramine exposure) significantly affected acute toxicity thresholds for 
Pimephales promelas as well as effects to its feeding behavior19. Complex mixture toxicity is not only 
defined by the chemical composition of the contaminants, but the environments in which they are present. 
This underscores the need to monitor the water quality parameters as well as the chemical contamination 
of field sites and attempt to create a holistic interpretation of its effects. Focus for future research needs to 
be around designing exposure scenarios that incorporate as complete a picture as possible for complex 
mixture toxicity and understanding how site-specific parameters can influence its effects, differing from 
what may be observed in the lab which often does not translate well to the field.  
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Chapter 3 
Bioassay Assessments of Complex Mixtures 
 
Abstract 
 
 Previously conducted biomarker research measuring the exposure of fish to complex 
environmental mixtures produced significant responses at multiple locations along the Savannah River. 
The results justified a broader investigation into the chemical mixture present in the river and the 
components responsible for the observed biological effects. This study used passive sampling devices 
(PSDs) and the previous field sites were used to establish sampling locations to investigate further the 
biological effects. Two PSDs that complement one another, LDPE (low density polyethylene) strips for 
nonpolar compounds and POCIS (polar organic compound integrated sampler) disks for polar 
compounds, were deployed in triplicate along the Savannah River to monitor environmental mixtures. 
LPDE extracts were analyzed for 16 priority pollutant PAHs using GC-EI/MS and PCB congeners from 
Aroclor mixtures 1016 and 1254 using GC-ECD. Select pharmaceuticals and personal care products 
(PPCPs) were extracted from the POCIS disks and analytical methods were developed using UPLC-
MS/MS. Combined PSD extracts were used in two small-volume bioassays. The yeast estrogen screening 
(YES) assay was used to assess the overall estrogenicity of the surface water at the sampling sites. 
Relative estrogenicity of the Savannah River sites as estimated with the YES assay ranged from 2-10ng/L. 
The zebrafish embryo developmental toxicity assay (ZEDTA) was utilized to link the measured chemical 
pollutants with observed biological effects in the field; the extent and type of developmental 
malformations observed were dose dependent. 
Introduction 
 
The extracts from passive samplers can be used to run bioassays, either with cell cultures or 
whole organisms. The USGS notes that useful applications of the POCIS PSD for toxicity assessments of 
the collected environmental mixtures include assays such as the yeast estrogen screening (YES) assay and 
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the microtox acute toxicity assay3. The YES assay is an in vitro estrogen screening risk assessment tool 
used by the U.S. EPA Endocrine Disruptor Screening Program133. It is essentially a colorimetric assay in 
which the human estrogen receptor (hERα) has been transfected into yeast, Sacchromyces cervisiae, 
which do not possess an endogenous estrogen receptor. The recombinant yeast strain used in the assay is 
transfected with an expression plasmid with estrogen-responsive sequences (ERE) paired with the 
reporter gene lac-Z that produces ß-galactosidase which then metabolizes a chromogenic substrate118. The 
absorbance is measured to determine estrogenicity and reported as an E2 equivalent. YES is cheap and 
easy to use though it has been found to be less sensitive than other assays. For example, it cannot detect 
the estrogenicity of chlorinated compounds, and it has been found to be sensitive to antiestrogenic 
compounds leading to an underestimation of estrogenic activity132,86. Also due to it being transfected with 
the human ERα receptor precaution needs to be taken in making assumptions about response in any other 
organisms. And moreover, it is limited to one estrogen receptor, of which three exist in teleost fish149. 
Nonetheless, these bioassays are particularly useful tools when monitoring unknown mixtures where 
toxicity cannot be predicted by the concentration of its components86. 
Understanding the endocrine disrupting effects of complex mixtures was the focus of this study 
given the low levels that were measured in the monitoring study (Chapter 2) and that low levels of 
estrogen disrupting compounds (EDC) that can produce effects. From EE2 to alkylphenols, endocrine 
disrupting effects occur at ng/L to µg/L concentrations, respectively, and the population level effects 
caused by the resultant intersexuality (such as oocyte development in testes) from their exposure is still 
poorly understood130. Endogenous hormones act at picogram dose and the EDCs found in the 
environment currently only can have similar or greater potency (the synthetic EE2 has ~10x affinity 
towards estrogen receptors than E2), they act more promiscuously, binding to a greater range of 
receptors6. The YES assay was chosen to serve as a benchmark of whether to pursue further research 
regarding the impact of EDC impact in the context of complex mixtures in the Savannah River.  
The zebrafish developmental toxicity assay (ZEDTA) has been extensively used in the 
assessment of developmental toxicity for a range of pollutants. It has been used in the USEPA’s 
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Computational Toxicology Research Program for the toxicity of 309 ToxCast Phase I chemicals110. The 
results from the BRIDGES (biological response indicator devices gauging environmental stressors) 
bioanalytical tool provide evidence and positive support for the paired use of PSDs and whole organism 
bioassays2. The authors used LPDE PSDs and conducted chemical analysis for PAHs. Dilution were in 
part established based on other PAH toxicity studies. Minimal transgenerational effects from PAH 
exposures ranging from 1.7-17ng/mL (relevant concentrations to the Gulf Oil Spill) were observed in F1 
generations of sheepshead minnows with only slight adverse developmental endpoints occurring 
(organ/body weights and sizes). No adverse effects, somatic or reproductive were observed in the F2 
generation145. Given the relatively low PAH concentrations measured in the Savannah River, 
transgenerational effects even to the F1 generation were not expected and any reduction in PAH input into 
the environment could be expected to show near immediate positive effects. The subsequent bioassays 
included a series of PSD extract concentration factors that identified were specific developmental 
endpoints presented themselves along the range of exposure concentrations.  
The PSD extracts were diluted and used in the zebrafish embryo developmental toxicity assay. 
An index was developed that assigned numerical values to different endpoints of the assay in order to 
obtain quantitative measurements. The study was able to identify spatial and temporal differences in 
chemical profiles at each site and different biological effects of the associated mixtures.  
One of the greatest strengths of the ZEDTA assay, with respect to understanding the abstract 
nature of complex mixture toxicity, is it being a whole-body organism bioassay. Chemical and biological 
complexities are incorporated into the tests reducing the uncertainty and assumptions being made when 
extrapolating observations to broader environments. One study investigating the impacts of crude oil 
toxicity found with respect to cardiotoxic phenotype, the PAH profile of the varying oil exposures 
produced no significant differences106. When incorporating the broader developmental toxicity index 
developed for the ZEDTA, other studies have found significant temporal and spatial differences in the 
toxicity of PAH mixtures2. Overall toxicity and specific developmental endpoints though did not present 
significant associations with any individual or group of identified toxicants in the mixtures, likely due to 
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the complexities and limited scope of analysis possible. Correlations arose between certain constituents 
and types of developmental morphology that have been associated to one another68, but no chemical 
components were able to be identified as principle drivers of any toxic endpoint. This underscores how at 
a single monitoring site, the impact of pollutant mixtures can have seasonally different fitness and 
population effects as well as the Sisyphean effort in understanding principal chemicals of toxicity and 
their direct association to any specific adverse health effect.  
The bioassay studies were conducted to evaluated developmental toxicity of the whole complex 
mixtures and establish if relative estrogenicity levels of the mixtures were significant enough to constitute 
a health risk for the Savannah River ecosystem. Developmental toxicity was assessed to establish the 
presence of direct adverse effects to organisms. For sub-lethal and chronic effects, endocrine disrupting 
impact was measured to determine if it could be attributed to the measured and commonly known EDCs, 
if it constituted a threat to health or fitness, and if it was worth focusing on in the epigenetic biomarker 
study (Chapter 4). 
Materials and Methods 
 
 The transfected yeast strain used in the YES assay was provided by Erin Yost from the University 
of North Carolina (UNC) Chapel Hill Kullman Lab from which an SOP for the bioassay was also 
provided. 17β-Estradiol (E8875-250MG) was purchased from Sigma-Aldrich. Difco yeast nitrogen base 
(233520), bacto agar (214040), and bacto peptone (211677) were BD brand and purchased from Sigma-
Aldrich. Ammonium sulfate (BDH0216), adenine sulfate (0607-50G), casamino acids (J851-100G), 
dextrose anhydrous (BDH0230-500G), 96-well deep well microplates (40002-011) and cupric sulfate 
pentahydrate (VW3312-2) were from VWR. Sodium hydrogen phosphate heptahydrate (11592) and 
sodium dihydrogen phosphate monohydrate (11591) were Alfa Aesar brand and purchased from VWR. 
Sucrose (S5-500), potassium chloride (BP-366-500), magnesium sulfate septahydrate (BP213-1), and 2β-
mercaptoethanol (O3446I-100) were purchased through Fischer Scientific. Sterilizing bottletop filters 
(45mm neck, 0.22µm PES; 431118) were purchased from Corning. Hank’s Buffer (HBSS; SH3003103), 
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tricaine (MS-222; T094125G), and dimethyl sulfoxide (BP231-100) were purchased from Fischer 
Scientific. Zebrafish embryos were obtained from the Klaine Lab culture at Clemson University. 
YES Assay 
 
The YES bioassay was conducted according to the SOP provided by the Kullman Lab of UNC. 
Dose-response curves and estrogen equivalency quotients were produced using R with a script that 
utilized the drc package117 and was based on the UNC procedure for the analyses with GraphPad.  
The YES assay applied in this study is based on the method developed by Yost et al. (2014) in the 
UNC Kullman Lab149. In brief, a transfected yeast was cultured on solid Ura-Trp media and one-
independent colony was transferred (using an autoclaved toothpick) to and cultured in a liquid Ura-Trp 
media for application in the bioassay. Samples and estradiol standard were prepared and then serially 
diluted (1:2) in replicate across a deep 96-well plate. The last two columns of the estradiol standard rows 
were utilized for negative controls. A concentration of the liquid yeast suspension was standardized for 
the yeast cell count by measuring the absorbance in a plate reader at 620nm. A portion (300µL) of the 
diluted yeast culture was added in the plate and incubated for 3-days at 30°C on a plate shaker. Previously 
prepared buffers and the colorimetric reagent (o-NPG) were added to the plate and mixed by shaking. 
Plates were centrifuged, supernatant removed, and samples measured by UV-vis absorbance readings at 
405nm. Dose-response curves were developed from the serial-diluted production and UV-Vis 
measurements of o-NPG (the chromogenic substrate metabolized by the ß-galactosidase enzyme induced 
by exposure to estrogenic compounds). Estrogenic equivalences of the samples were then estimated for 
the samples based on the estradiol standard curve. 
ZEDTA Assay 
 
The evening (~7pm) before the start of the experiment, two adult females and one adult male 
were transferred to a breeding tank. The light cycle for the fish culture room was set to 16 light: 8 dark 
with lights-on set to 7am and lights-off set to 11pm. Fertilization was assumed to start at 7am with lights-
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on the next morning. At 1pm the next day (day one of the experiment and 6 hpf), adult fish were 
transferred back to their respective tanks and using a 1mL disposable pipette, eggs were transferred to a 
small glass dish filled with mod-hard water. Embryos were rinsed with clean mod-hard water and 
randomly transferred to a 96-well plate for the bioassay with the exposure solutions detailed below within 
2 hr of selection (8hpf). 
Exposure solutions were prepared with final concentrations of 0.2% v/v DMSO (it is a polar 
aprotic solvent that dissolves both polar and nonpolar compounds, which is miscible in a wide range of 
solvents including water). Concentrations of 1% were found to be the lower bound concentration for 
noticeable pericardial edema and reduced fitness; 0.5% is a commonly used concentration that has shown 
no impact31 making 0.2% a presumably innocuous concentration. Therefore, negative controls were made 
of 0.2% DMSO in 10% Hank’s Buffer Solution. Positive controls were 10% Hank’s Buffer Solutions 
with a concentration of 300µM EtOH. Three concentrations of PSD extract (combined POCIS and LDPE) 
were prepared at concentrations of 1/100, 1/2000, and 1/8000x (based on concentration factors from 
uptake rates for carbamazepine, 1/8000 represents environmentally relevant concentrations). Final 
exposure volumes in 96-well plates were 250 µL, comprised of 100 µL mod hard water and 150 µL of the 
exposure stock solutions. Exposure rooms for ZEDTA assays were set to 14:10 light cycles and kept at 
26°C. Daily static renewals (80%) of exposure media were performed. 
On day two (24hpf), embryos were assessed for mortality, delayed developmental progression, 
and lack of spontaneous movement. Static renewals of exposure solution were continued through day six. 
At the end of the assay (day six), mortality, motility, and lack of touch response were noted. Final 
assessments of developmental endpoints were then measured. 
Endpoints used in the assay were based on and selected from the EZ metric semi-quantitative 
toxicity index developed by Harper56. Quantitative endpoints were measured using a dissecting 
microscope using a calibrated micrometer analyzed with AmScope software. Two-tailed t-tests were 
performed to determine differences among exposure groups. Quantitative endpoints included body length, 
eye size (diameter), yolk sac width, yolk sac edema size (if present), pericardial edema, and angle of 
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curvature for curved axis of notochord. More qualitative or subjective endpoints as part of the 
malformation index included yolk sac edema, heart malformation, occluded circulation, notochord 
malformation, curved axis, trunk malformation, caudal/pectoral fin malformation, and swim bladder 
malformation. 
Results 
 
YES Assay 
 YES assay results of POCIS extract samples (Table 1) showed low levels of overall estrogenicity 
(represented as EEQs) although some sites presented EDC levels that were physiologically relevant and 
could lead to developmental or reproductive effects. Detectable levels across site were within similar 
ranges. Trends were not observed across field monitoring sites due to the high number of samples that 
were at or below the limit of detection for the YES assay. 
Table 1. Calculated EEQs for POCIS Extracts from the YES Assay 
RM119 RM179 
Deployment EEQ Deployment EEQ 
12/12/14 – 1/21/15 2.93 12/12/14 – 1/21/15 3.90 
1/21/15 – 3/6/15 1.95 10/16/15 – 4/26/16 <LOD 
8/13/15 – 9/11/15 <LOD   
RM190 HWD 
Deployment EEQ Deployment EEQ 
12/12/14 – 1/21/15 <LOD 10/16/14 – 11/13/14 <LOD 
1/21/15 – 3/6/15 <LOD 11/13/14 – 2/3/15 <LOD 
  2/3/15 – 5/5/15 9.86 
  11/18/15 – 3/8/16 <LOD 
 
ZEDTA Assay 
Initial experiments were run (n=12; 72 hr) using EtOH as a positive control (270 mM in 10% 
Hank’s Buffer) for developmental malformation to assess whether dechorionation was necessary. 
Dechorionation was performed mechanically by puncturing each egg with a hypodermic needle under a 
dissecting microscope. Negative controls were 0.2% DMSO v/v in 10% Hank’s Buffer. No differences 
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were observed between chorionated and dechorionated embryos exposed to the positive control with 
11/12 larvae developing pericardial edemas whereas no larvae exhibited any degree of pericardial edema 
in either chorionated and dechorionated embryos exposed to the negative control. Given this, the 
dechorionation steps were forgone in subsequent exposures. Length was measured between positive and 
negative control groups. While a slight decrease in length for the EtOH group (3.47 mm ±0.08) was 
observed it was not significant in comparison to the DMSO control (3.72 mm ±0.19; p = 0.07). No 
significance in eye size was observed between the two treatments (EtOH 0.27 mm ±0.02; DMSO 
0.29 mm ±0.02; p = 0.35). 
In assessing the required frequency of static renewals of exposure media, an experiment was set 
up (n=6) using combined POCIS/LDPE extracts (1/100 dilution) from RM119 (rep2) from the 
deployment period: 1/21/15 – 3/6/15. By 72 hpf there was 100% mortality in the exposed group with 
daily static renewals and 0% mortality in the group without daily static renewal, only exposed upon initial 
set up of the experiment (~8 hpf). It was deemed necessary to perform daily static renewals as loss of 
analytes to ADME processes and natural attenuation was occurring; the highest exposure concentration 
was also altered to 1/500x to avoid 100% mortality.  
For exposures run (n=24/treatment) with combined PSD extracts for RM190 deployment: 8/24 – 
9/28/16, dilutions of 1/500, 1/2000, and 1/8000 were used. High mortality rates across all groups, 
including the control, precluded the usefulness of the assay. Of the quantitative measurements made, no 
significant differences were observed among or across exposure group. Body length was measured at 
92 hpf for all remaining live larvae averages were 2.80 mm ±0.21, 2.92 mm ±0.25, 3.22 mm ±0.14, and 
3.15 mm ±0.35 for control, 1/8000x, 1/2000x, and 1/500x, respectively (p = 0.97; 0.94; 0.91). Where 
differences were observed in a dose-response relationship were the types of developmental malformations 
with an increasing number and variety occurring at the higher exposure concentrations (Figure 1). At 
1/500x occluded circulation, eye development, head size, curved axis, and heart malformation (such as 
pericardial edema) occurred, with cardiotoxic endpoints being the most prevalent which is an observation 
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having been noted across other studies as well106. Across all other concentrations only snout malformation 
and heart malformation were observed and to lesser degrees. All other field samples tested produced 
similar results. 
 
Figure 1. Developmental Malformations Across Range of PSD Extract (POCIS/LDPE Mix) Dilutions 
Discussion 
 
Yeast Estrogen Screening Assay (YES) 
  
PSD extracts were utilized in the YES assay to determine overall estrogenicity (in estradiol 
equivalencies [EEQs])112 of the waters at the sampling locations. Relative EEQs for Savannah River sites 
were estimated to be <LOD or in the 1-10 nmol range. However, due to such low responses, these 
estimated concentrations are questionable, because they fell within the lower bounds of the linear portion 
of the standard dose-response curve. They should not be disregarded because if correct, these 
concentrations would represent concerning levels capable of producing developmental changes and 
lowered reproductive success with nanomolar EEQ concentrations being physiological relevant levels. 
What can be definitively stated is that concentrations of EDCs were present at low concentrations in the 
Savannah River, corresponding to low overall estrogenicity, though not necessarily safe levels. Due to the 
length of the bioassay and the extensive number of collected samples, only a limited set of field samples 
were utilized with the assay. 
There are assumptions made with in vitro assays such as the YES utilizing yeast. Yeast will 
typically preclude the uptake of halogenated compounds, such as PCBs that have estrogenic influences, so 
do not account for the entirety of any complex environmental mixture of chemicals. Also given the 
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Superfund site contributing to the Savannah River that constitutes a human health concern, these 
bioassays may underestimate estrogenicity, though likely only to a relatively small degree. More 
important to note is that making assumptions regarding health effects on aquatic organisms from the EEQ 
values can be misguided, not to diminish the use of the YES assay from a chemical monitoring 
standpoint. Studies have shown that EEQ derived values of extracts from sewage treatment facilities and 
commercial swine waste lagoon for bioassays as YES do not correlate well with the induction of 
estrogenic biomarkers in fish149. For this study the YES assay was intended to serve as a foundation for 
further research and not as an endpoint of toxic impact from complex mixtures. Also based on the 
evidence of adverse levels of estrogenic compounds in the Savannah River provided by the assay, it was 
found to be worth further research of more specific biomarker studies to determine if it was producing a 
physiological response in aquatic vertebrate species. 
 
Zebrafish Embryo Developmental Toxicity Assay (ZEDTA) 
 
While the use of a semi-quantitative index for developmental toxicity is a useful tool, teasing 
apart the relationship between the measured endpoints and the chemical profiles is difficult, especially 
without the use of deconvolution software utilized by other labs using the ZEDTA bioassay2. The 
software allows for significantly larger estimated chemical profiles based on shared libraries (with GC-
MS databases). Also, with the incorporation of polar chemical mixtures which as a result of the analytical 
method have no shared libraries for the currently available deconvolution software, only allow for the 
presence or absence of the observed developmental endpoints from series dilutions. 
Embryos with an intact chorion compared to a mechanically dechorionated one did not appear to 
show differences, which would suggest that constituents of either the POCIS or LDPE extracts can pass 
through the lipophilic membrane and produce similar adverse effects. Unfortunately, higher than 
acceptable mortality rates were observed in the controls of the assay preventing direct effects to be 
associated with the treatments. The mortality rates may have been a result of selection process for 
fertilized eggs that appeared healthy based on superficial characteristics of the eggs. More detailed 
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observations of the shape of differentiation which was utilized in later experiments with the methylation 
study (Chapter 4) resulted in little to no mortality. Furthermore, due to intense time requirements for the 
assay, particularly without high throughput software for the quantitative measurements, time alone 
precluded the utility of the assay from a broader toxicity monitoring study with the Savannah River PSD 
samples. Qualitative observations of the variety of developmental malformations did underscore the 
relative impact the mixtures can produce and the potential for other sub-lethal effects at the 
environmentally relevant dilutions which the assay did not address. 
Conclusion 
 
In using complex mixtures of both polar and nonpolar compounds, significant difficulties were 
encountered with the two screening level bioassays. The EEQs established from the YES assay could not 
be characterized and explained by the chemical monitoring data. And given the low level of overall 
estrogenicity, trends were unable to be established. For the ZEDTA assay, significant differences in the 
presence of specific developmental endpoints were not observed. A clear dose-response relationship 
between the PSD extract concentration factor and overall developmental malformations were observed, 
but the could not be tied to the chemical profiles of the monitoring sites. Clear adverse effects were 
produced from the PSD extracts, even to a degree at the environmentally relevant dilutions, but more 
tailored assays were required to further explain them.  
The bioassay work served as a springboard and justification for more tailored and specific studies 
of the mixture effects. From the YES assay, estimated environmental levels of estrogenicity were at 
physiologically relevant concentrations. The results gave justification for looking closer at whether 
exposure to environmentally relevant concentrations of the complex mixtures extracted from PSDs would 
elicit a physiological response from aquatic vertebrates.  
For bioassays like the ZEDTA that measure non-specific endpoints, in that they are not specific to 
a certain pollutant or class of chemicals, a greater understanding of the chemical profiles of exposure 
mixtures are needed. An objective of the study was to develop an approach that limited the need to 
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understand chemical makeup of mixtures, but rather rely on limited chemical analyses to establish the 
absence or presence of common COCs and identify relative spatial and temporal differences across 
monitoring sites. From the results of the bioassays, an alternative approach that utilized chemical-specific 
endpoints to reduce the need to understand the chemical composition of mixtures was researched with a 
focus on epigenetics (Chapter 4). 
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Chapter 4 
Whole Genome Methylation and Epigenetic Biomarkers 
 
Abstract 
 
Complex environmental mixtures are difficult to define in terms of composition and in constant 
transition, a product of both natural and anthropogenic factors. Within complex systems there are 
emergent properties – the constituents alone may not depict the outcomes produced from the whole, 
which favors a less reductive approach for one that is more holistic, incorporating semi-
quantitative/qualitative measurements. The goal of this study is to develop a means of assessing and 
monitoring the potential impacts of complex mixtures in surface waters by utilizing environmentally 
representative mixtures collected using passive sampling devices and whole organism bioassays. This 
allows for the complexity of the chemical environment and the complexity of the biological systems they 
act on to be included together. Epigenetic endpoints were chosen to identify exposure to particular classes 
of compounds within mixtures. The use of epigenetic biomarkers offers predicative capabilities in 
environmental monitoring which can be identified prior to the presentation of physical adverse effects. 
Limited chemical analysis was performed to establish an overview of legacy contaminants and various 
contaminants of concern that contribute to the chemical profile of the complex mixtures. Epigenetic 
biomarkers were measured using the same analytical instruments for chemical monitoring and relative 
differences were compared between samples. Focus for this study was placed on monitoring endocrine 
disrupting effects from exposure to complex mixtures. The methods optimized for this study to assess the 
methylation levels of tissue extracts from zebrafish produced values that compared well with those of 
similar studies (zebrafish whole body methylation levels: 8.3% mC). Significant differences in 
methylation of CpG islands associated with endocrine related genes (ERα and vtg1) were observed in 
response to EE2 or passive sampling extract exposures. Passive sampling extracts produced significant 
differences in methylation of vtg1 compared to controls in embryonic tissues. 
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Introduction 
 
 Assessing response or impact to complex mixtures at low, sub-lethal concentrations requires 
experimental endpoints that present themselves prior to any observable or physiological changes in the 
experimental organism. Complex mixtures present a philosophical challenge and attempting to tease apart 
mechanistic changes or causes from its exposure is naive. Assumptions must be made as to whether the 
approach is a more compartmentalized, reductive one as in toxicity identification evaluation (TIE), or a 
more holistic approach where the complex mixture collected with a PSD is paired with epigenetic 
biomarkers of exposure. Focusing on biomarkers of exposure rather than biomarkers of toxicity might 
advance early identification and more preventative action in risk assessment of impacted surface waters. 
 Discovery of epigenetic changes applied to ecotoxicology reflects responses to the environment 
and do not necessarily represent or are associated with toxic endpoints. In DNA, epigenetic modifications 
are limited to cytosines and methylation is the most common form, as well as the most well understood of 
the modifications, with hydroxymethylation (formerly believed to be an intermediary state of the 
methylation process) coming in second73. Epigenetic modifications are not limited to DNA, but they are 
the focus of the study. Methylation is most prevalent in CpG rich sites, referred to as CpG islands, that are 
associated with a majority of genes in vertebrates. CpG islands are generally associated with the promoter 
regions of genes and hypermethylation of them translates to a silencing or reduced expression of the 
gene76. Epigenetic modifications can last the lifetime of an organism and can be passed down through 
transgenerational epigenetic inheritance, serving as a historical marker of exposure or chemical stress105. 
Depending on the associated genes, these differential methylation states can translate to adaptations to 
severely polluted environments45 or susceptibility to certain toxicants. As the male and female gametes 
that contribute to the embryonic zygote come with their own epigenetic markers, an epigenetic 
reprogramming referred to as de novo methylation occurs shortly after fertilization where the cells are 
completely demethylated and then remethylated, making it a susceptible period for exposure to toxicants 
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that interfere with the DNA methyltransferase (DNMT) processes125. Biomarkers of exposure were 
favored to biomarkers of toxicity. 
  Differential levels of global genome methylation have been observed to be affected by heavy 
metal toxicity and DNMT inhibiting compounds in Daphnia magna and zebrafish, both showing to some 
extent transgenerational epigenetic inheritance143,78. Exposure to estrogenic compounds as well has been 
shown to lead to hypomethylating effects through inhibition of catechol-O-methyltransferase gene 
trasncription147. Invertebrate models such as daphnids have been presented as models for testing 
endocrine disrupting compounds and for exploring mechanisms of epigenetic modification143,43 although 
functions of estrogen gene orthologs and mechanisms of the associated genes do not always parallel those 
of vertebrates. Despite presenting different adverse outcomes in different species, such as altered carapace 
development which is associated with hormone regulation in response to EDC exposure43, differential 
methylation can serve as a biomarker of exposure and provide early insight for risk assessment. Reduced 
embryonic survival was observed after male rainbow trout were exposed to EE2 during late 
spermatogenesis; the authors believed the mortality was mediated through epigenetic modes of action23. 
At similarly low concentrations of EE2, developmental effects have been observed in embryonic zebrafish 
after parental exposure124. Very low effect levels of estrogenic steroids have been observed in fish and the 
no observed effect concentration (NOEC) for zebrafish reproduction was found to be 25 ng/L for E2 and 
0.5 ng/L for EE226. 
 As a whole, environmental mixtures are too complex to present a single toxic endpoint, so 
methods that identify the presence and impact of specific classes of compounds within complex mixtures 
are most appropriate. Endocrine disrupting compounds (EDCs) were chosen as the specific class to 
observe given their ubiquity, their physiological effects that occur at significantly low concentrations 
(nanomolar and below), and the extensive number of compounds exhibiting some level of estrogenic 
effect72,113,129. Given the extensive amount of research around the genes ERα and vtg1 as well as the noted 
associations between their transcription and endocrine system related adverse health effects, they were 
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chosen as model genes for use in the epigenetic biomarker of exposure study34. Vtg induction has also 
shown to be associated with increases in hepatic ERα expression99. While the methylation of specific CpG 
sites can have significance, it has been shown for ERα and vtg genes that methylation of the CpG islands 
as a whole rather than specific sites are more prone to occur160,70. It was also shown that there is also both 
an induction in vitellogenin production and a reduction in methylation at the CpG island associated with 
the vitellogenin 1 (vtg1) in both male and female zebrafish livers in response to EE2 exposure129. 
Measuring relative differences in methylation provides suitable information to observe a response to 
certain classes of compounds within complex mixtures. 
Vitellogenin is a yolk protein necessary in oogenesis and produced in the liver of sexually 
reproductive females in response to endogenous estrogens; it can be produced in males as a result of 
exposure to xenobiotic estrogenic compounds and is a commonly used biomarker34,157,31. Of seven known 
vitellogenin genes identified in zebrafish, the 235bp long vtg1 gene has five CpG sites and has been 
shown to be most highly expressed during vitellogenesis with the highest methylation levels expressed in 
male liver tissue129. Expression of vtg1 in zebrafish embryos has been reported to begin around 24 hpf31. 
Increased mRNA levels of ER genes have also been reported in response to endocrine disrupting 
compounds (EDC) in testes tissue from adult zebrafish31. Decreased methylation levels were also reported 
for hepatic esr1160. The estrogen receptor alpha esr1 gene associated CpG island is 203bp long and 
possesses 13 CpG sites. 
Not only are esr1 and vtg1 strong candidates for assessing endocrine disruption but the two genes 
have been shown to be closely related, at least in zebrafish, with ERα regulating the transcription of vtg1, 
potentially with ER activation leading to increased sensitivity of vtg induction by other EDCs34. LC-
MS/MS is a quantitative means by which to assess differential methylation of CpG islands for use as an 
epigenetic biomarker of exposure for ecotoxicological risk assessments84. Previous research has reported 
LODs of 0.2 fmol with inputs as low as 4 ng of DNA126, an important capability when working with test 
organisms like Daphnia magna which produce low DNA quantities. Due to suspected low CpG content in 
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D. magna, alternative assays such as the LUminometric methylation assay (LUMA) have been 
unsuccessful in quantifying global DNA methylation. LC-MS/MS analysis of methylation has been used 
for the identification of colorectal cancer with differential methylation of tumor repressor genes from 
excised cancerous tissues66. Over the past decade, many review papers have been written on the utility 
and potential of applying an epigenetic approach to environmental risk assessment and the influence 
certain classes of compounds, including endocrine disruptors, have to mediate toxicity of environmental 
contaminants13,105,140,154. For example, exposure of stickleback fish to estradiol showed a decrease in the 
global methylation of female livers although not significant, while in male gonads a significant decrease 
was observed7. Under the same scenario and study, but with exposure to the DMNT inhibitor 5-
azacytidine (5AZ), hypermethylation was observed in male gonads and the expected decrease observed in 
female livers. A cytotoxic induced or secondary intracellular response factor producing a ‘rebound’ 
hypermethylation effect was postulated7. 
The approach for my study utilized tissue from in vivo exposed model organisms with analysis of 
the samples for relative differences in methylation (5-methyl-2’-deoxycytidine) as a means of identifying 
physiological responses to EDCs present in complex environmental mixtures. Prior to later staged adverse 
outcomes in the exposed organisms that may impact fitness, historical exposure to any toxicant class of 
interest can be assessed with the epigenetic biomarkers. It is a holistic response from the organism, taking 
into account any and all emergent properties of the mixture that may be otherwise absent from exposure 
to a single compound. The purpose of this study was to determine if epigenetic biomarkers of exposure 
can serve to determine if and how organisms are responding to complex environmental mixtures. 
Materials and Methods 
Materials 
 
Daphnid (Daphnia magna) cultures were established from the Baldwin lab (Clemson University) 
culture and reared in the Baldwin lab facilities. Zebrafish (Danio rerio) were acquired from the Klaine 
Lab and reared in the Aquatic Animal Research Lab (AARL) at Clemson under AUP 2018-003; zebrafish 
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exposures were covered under AUP 2016-071. Chemical analysis was performed on a Waters Acquity 
Xevo-TQS with ESI utilizing a HILIC BEH Amide 1.7µm, 2.1x150mm column from Waters. Fisher MS-
grade Optima Acetonitrile, MS-grade Optima Ammonium Formate, and MS-grade Optima Formic Acid 
were utilized in chromatrographic separation. Ethinylestradiol (EE2) and cytosine were purchased from 
Sigma-Aldrich. 5-Hydroxymethyl-2'-deoxcytosine, and guanine were purchased from VWR. 5-Methyl-2'-
deoxycytidine, 2'-deoxycytidine, and 2'-deoxyguanosine were purchased from Sigma-Aldrich. 5-
Hydroxymethyl-2'-deoxycytidine was purchased from Zymo Research. Gel DNA recovery kit, EZ-DNA 
methylation kits, DNA Degradase Plus, CpG Methylase (M. Sssl), EZ DNA methylation-Direct, and 
DNA Clean & Concentrator were purchased from Zymo Research. DNeasy blood and tissue extraction 
kits were purchased from Qiagen. Primers were purchased through IDT (Integrated DNA Technologies) 
as Forward/Reverse combined RxnReady Primer Pools, 10nmol each, lyophilized. Qubit dsDNA HS 
Assay kits were purchased from Fisher Scientific. An Applied BioSystems GeneAmp PCR System 9700 
thermocycler was used. EpiTaq HS (Hot Start Taq Polymerase and PCR reaction components for 
bisulfite-treated DNA) were purchased from TaKaRa.  
Daphnid Culture 
 
 Daphnids were maintained according to established EPA protocols. Temperature was maintained 
at 24°C±1 with 16hr light/8hr dark light-cycles. Cultures were fed twice daily a mixture of a blended 
suspension of TetraMin fish food and Selenastrum algae. Daphnids were reared in glass jars with mod-
hard water (190L: 11.4g CaSO4, 11.4g MgSO4, 0.8g KCl, 18.2g NaHCO3) which was renewed every 
other day. Cultures were maintained for 21 days at which new generations were started with neonates 
≤24 hr old.  
Zebrafish Culture 
 
Zebrafish husbandry was covered under AUP 2018-003. A recirculating aquaculture with a 
LifeGard UV-sterilizer, chemical sterilizer, and mechanical filter was built in the Clemson Aquatic 
54 
 
Animal Research Lab (AARL) for the zebrafish. Mod-hard water prepared in lab was used for the culture 
(190L: 11.4g CaSO4, 11.4g MgSO4, 0.8g KCl, 18.2g NaHCO3). Temperature was maintained between 26-
28°C with 16/8hr light cycles. Zebrafish were fed twice daily, brine shrimp (Aquacave) in the morning 
and Zeigler Adult Zebrafish Diet pellets (1mm) in the afternoon. 
Daphnid Exposure 
 
 Prior to running exposures with any PPCPs, a standard mixture of trimethoprim, 
diphenhydramine, and carbamazepine were prepared and spiked into daphnid exposure 25 mL beaker set 
ups (including adult daphnids) in the culture room to assess analyte loss. Samples were taken at 0, 24, and 
48 hr to determine when static renewals of media should be performed. Samples were run on the UPLC-
MS/MS following previously outlined procedures in Chapter 2. 
 Two sets of 21-day chronic exposures were performed for F0 and F1 generations of daphnids 
following established EPA methods for aquatic invertebrate chronic toxicity testing. Chronic exposures 
included a negative control (undoctored/unmodified culturing media), solvent control (0.08% DMSO), 
positive control (16µg/mL 5-azacytidine), and EE2 exposure (1ng/mL). Stock solutions of 5AZ and EE2 
were prepared in DMSO to achieve complete dissolution at the high concentrations, 20 mg/mL and 
1.25 µg/mL, respectively. Sublethal concentrations of 5AZ that demonstrated epigenetic impacts were 
based on previously established levels from Kamstra74. Each of the four exposure groups were run in 
triplicate with five daphnids per replicate in 25 mL test volumes. Neonates collected for the exposure test 
were <24 hr old at the start of the test. Static renewals were performed every 48 hr (static renewal periods 
were based on analyte loss established in lab) with daily feedings. For the chronic exposure of the F0 
generation, daily recordings of brood size were taken (Appendix, Table 24). Three <24hr neonates were 
obtained from the 3rd brood of each replicate for the F1 chronic exposure test, as established from previous 
studies145. For analysis of the F0 generation, four daphnids were pooled and for the F1 generation, two 
daphnids were pooled for analysis. Two-tailed t-tests were performed to determine differences among 
exposure groups across all test organisms. 
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An additional analysis was performed using untreated daphnids to assess the contribution of 
potentially confounding variables. Using the method described below, mC and hmC content was 
determined for pooled daphnids. A separate validation analysis was conducted prior to using single adult 
daphnids (18 days old). Ten µL of sample was used to determine DNA yield using Qubit analysis, and the 
remaining 190 µL of extracted DNA sample was used in the analysis. Samples were reconstituted in 
500 µL, necessitating the pooling of multiple daphnids to have hmC concentrations above detection. 
Reconstituting the samples to a smaller volume (150 µL) and utilizing autosampler vials with 300 µL-
inserts allowed for hmC to be detected from a single adult daphnid. Six daphnids were tested, two of 
which were starved for 48 hr (S) prior to collection and bore no neonates. The remaining four were fed up 
to collection (F), as well as were burdened with neonates.  
Sample Procedure for Methylation Analysis - Daphnids 
 
 Daphnids were collected from the exposure beakers with transfer pipettes, blotted dry (with care 
to avoid damage to the daphnid), and weighed. The Qiagen DNeasy blood and tissue extraction kit was 
used for DNA extraction from daphnids. Product procedure was adhered to with the following 
qualifications. Whole adult daphnids were transferred to microcentrifuge tubes with protein kinase and 
buffer, vortexed, and incubated for 5 min at 58°C. Autoclaved shaker beads were added to the centrifuge 
tube and tissue was lysed at 2500 rpm for 20 sec. Samples were subsequently vortexed and returned to the 
heating block for 20 min. The bead shaker step was repeated for 30 sec and returned to heating block for 
30min. A Qubit 2.0 was used to quantify DNA yield; if tissue digestion was incomplete, constituents of 
the daphnid carapace can interfere with Nanodrop estimations of DNA concentration due to the 
constituents possessing a similar refractive index to that used for the Nanodrop quantification11. Samples 
of extracted DNA were stored at -20°C until use. 
Initial samples were processed using a method optimized from Quinlivan and Gregory118. The 
process utilized reconstituted DNA, benzonase nuclease, alkaline phosphatase, phosphodiesterase 
(derived from Crotalus adamanteus venom), and Tris-HCl buffer. However, this procedure produced 
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inconsistent results and was not used. Instead, a formic acid digest technique (a hydrolysis method) was 
used for the digestion of daphnid DNA153. The formic acid digest cleaves off the phosphate group 
producing nucleobases as opposed to nucleosides which is the product of phosphodiesterase digestion 
methods). Up to 1 µg could be used in the digestion procedure, and as final results were relative 
comparisons of methylation, it was not necessary to standardize concentration across all samples prior to 
the procedure – inputting lower amounts of DNA would not impact digestion efficiency. Samples of 
extracted DNA were dried with N2 in amber glass GC autosampler vials. Samples were reconstituted in 
0.2 mL of 88% formic acid (diluted from a neat solution with DI water) and vortexed. Reconstituted 
samples were hydrolyzed at 140°C for 90 min in 1.5 mL crimp top amber glass autosampler vials using 
caps with two-sided TFE-lined septa (these septa are necessary as they do not melt at such high 
temperatures). After samples returned to room temperature, they were dried to near completeness under 
N2, reconstituted in 150 µL mobile phase (described below), and vortexed. Samples were then transferred 
to MS-grade autosampler vials with 300 uL inserts and chemical analysis was performed using UPLC-
MS/MS. 
Zebrafish Embryo Exposure 
 
Zebrafish were bred in equal numbers of male to female, two of each per breeding tank. Embryos 
were collected (within 30-40 min post fertilization), rinsed with fresh mod hard water, and immediately 
transferred at random to either a control or exposure media (each containing methylene blue). This timing 
was necessary to begin exposures within the time frame of de novo methylation for zebrafish embryos. 
Initial experiments to discover the effect on rates of development in response to EDC exposure were 
conducted. Two separate 72 hr exposures (24 hr static renewals) with EE2 were conducted with both 
beginning at 0.5 hpf with mod hard spiked water using healthy and fertilized embryos selected under a 
dissecting microscope. For the first experiment, 17 embryos were utilized for exposure and 17 embryos 
for the control group; the treated group of embryos were exposed to EE2 at a nominal concentration of 
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1x10-8M. In the second experiment, 32 embryos were utilized for each treatment with the treated were 
exposed to EE2 at a nominal concentration of 1x10-9M. 
For the assessment of differential global DNA methylation in zebrafish larva, healthy and 
fertilized embryos were identified under a dissection microscope and 12 randomly selected embryos were 
utilized for each treatment group. Selected embryos were transferred to a 96-well plate in 200 µL 
exposure volumes (including methylene blue) and covered. Exposures were conducted in the culture room 
to mimic temperature and light conditions.  
Static renewals (90%) were performed daily with freshly prepared exposure media. All media 
was prepared with methylene blue up until collection after 48 hr exposure. EE2 exposure media contained 
0.001% DMSO and environmental mixture exposure media contained <0.01% MeOH (carried over from 
the extraction procedure). Environmental mixtures only included PPCPs from POCIS PSDs. 
POCIS extracts of PPCPs were diluted by 1/100 in the exposures (Table 1) representing 
approximately an 80x concentrated exposure based on an estimated 8,000x factor of analytes from the 
field sampling site which has been reported for some analytes; this is based on the estimated 
concentration factor for carbamazepine which does not necessarily parallel concentration factors for other 
analytes. Estimated exposure concentrations of selected PPCPs are reported above based on chemical 
analyses of the samples. 
Table 1. Chemical Composition of Measured Analytes for PSD Extracts 
 
 These are conservative estimates because samples were stored at -20°C for more than three years 
after analysis. Reported loss of pharmaceutical analytes in these conditions suggests levels to be possibly 
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factors below what is reported. Exposure levels may more closely reflect environmentally relevant 
concentrations. Regardless, concentrations of the PPCPs in the exposure media were well below any 
therapeutic or physiologically relevant concentrations although the concentrations are based on human 
standards, single compound doses, and exposure routes that do not parallel those of aquatic organisms. 
Based on chemical analyses reported previously, 24-hr static renewals of POCIS extracts were deemed 
appropriate. After a 48-hr exposure period, embryos were rinsed in fresh mod hard water (without 
methylene blue), transferred to a microcentrifuge tube, and immediately transported to the lab for 
processing. 
 
Adult Zebrafish Exposure 
 
Exposures were performed in small breeding tanks of 750 mL volumes with four adult male 
zebrafish. Exposures were performed over seven days with complete daily static renewals of freshly 
prepared solutions. Stock solutions from which exposure media were prepared was stored at -20°C. 
Positive control studies were conducted using EE2 diluted in mod hard (culture) water for a final nominal 
exposure concentration of 1x10-9M; final DMSO concentration was 0.0001% v/v. Daily samples of water 
from the exposure media were taken to confirm nominal concentrations but primary pump failure of the 
LC-MS/MS’s quaternary solvent manager prevented analysis. 
Final exposure solutions were prepared by diluting stock solutions of 1x10-3M EE2 in 100% 
DMSO to 1x10-5M in DI H2O and then diluting it further in mod hard water to 1x10-9M. Exposures were 
aerated and kept in the culture room to maintain established temperatures and light cycles. Adult males in 
the experiment were fed on the same schedule as the culture. Following the exposure, zebrafish were 
euthanized according to standard humane methods and the approved protocol as described below.  
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Sample Processing – Zebrafish 
 
 Following exposures, zebrafish embryos/larva were washed with DI water and transferred to 
microcentrifuge tubes. Embryos/larva were digested and DNA was extracted according to the protocol of 
the Qiagen DNeasy blood and tissue kit. DNA quantification was performed using Qubit 2.0 with samples 
stored at -20°C until use. In contrast to the daphnid procedure, zebrafish DNA was digested utilizing a 
phosphodiesterase approach to produce nucleosides (Zymo DNA Degradase Plus). The product procedure 
was followed and input was standardized across samples (<500 ng according to the manufacturer’s 
protocol) based on Qubit results. Samples were diluted in the mobile phase to 150 µL, transferred to MS-
grade autosampler vials with 300 µL inserts and chemical analysis performed. The procedure for region-
specific differential methylation were performed according to the tissue-specific method described below. 
For adult male zebrafish, tissue dissections were performed following exposure. Specimens were 
euthanized according to the IACUC-approved protocol. Adults were transferred to an ice-cold water bath 
with an excess of tricaine (MS-222 ≥500 mg/L). After the absence of any observable opercular 
movement, zebrafish were kept in the bath for at least 10 minutes. Euthanized adults were blotted dry and 
transferred to a paper towel for dissection. Dissections were performed with microdissection scissors 
beginning with a cut just before the anal fin, continuing along the abdomen (taking care to avoid cutting 
too deeply and damaging the organs of interest), incising just past the pectoral fin, and back down the fish 
laterally. Organs were exposed by pulling aside the incised dermal/muscle tissue with tweezers by 
grasping the thicker and bonier tissue of the pectoral fin (Figure 1). Liver and testes tissue were removed 
under a dissecting microscope using tweezers and transferred to aluminum foil. Care was taken to 
separate liver tissue from the intestinal, spleen, and gallbladder tissue. Wrapped and labeled tissue was 
kept on ice during dissection and stored at -80°C until use. 
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Figure 1. Diagram of Zebrafish Dissection a) American Association for Laboratory Animal Science 
b) Laboratory photo 
 
Region-Specific Differential Methylation for Zebrafish 
 
Region-specific differential methylation analysis was performed by bisulfite (BSP) converting 
extracted DNA, performing PCR amplification of the bisulfite-converted CpG island of interest, cleaning 
and remethylating the amplified regions, digesting the re-methylated sample, and performing chemical 
analysis using UPLC-MS/MS for methylated and non-methylated 2'-deoxycytidine (Figure 2). 
Methylation was represented as a percentage of the total cytosine pool. As epigenetic modifications are 
not preserved during PCR amplification, the cytosine pool need only be represented as the sum of 5-
methyl-2’-deoxycytidine (5mdC) and 2’-deoxycytidine (dC).  
Liver Testis 
a) 
b) 
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Figure 2. Overview of Procedure for MS-Quantification of Methylation (Liu et al.91) 
For DNA extraction, 0.1-1 mg of tissue was weighed and the tissue digestion mix (Zymo EZ 
DNA Methylation Direct) was adjusted accordingly to tissue weight. Tissue was digested according to 
product protocol. Extracted DNA was quantified with a Qubit 4.0 instrument. DNA was immediately 
processed for bisulfite conversion with the same kit and stored at -20°C until use. Because bisulfite 
conversion is a harsh process that can damage DNA and produces single-stranded DNA products, DNA 
cannot be quantified using Qubit which relies on a fluorescent tag that intercalates into the double strand 
(ds)DNA helix.  
PCR was performed (Table 2) with the bisulfite converted samples within one day. Primer 
sequences were obtained from Zhao et al.152 and Stromqvist et al.128 for vtg1 and ERα (esr1). 
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Table 2. Primer sequences complementary with bisulfite-treated DNA 
 
Gene 
(accession #) 
F/R Primer sequence (5’–3’) 
Product size 
(bp) 
ERα (esr1)a 
(NM_152959) 
Forward: TTAGTATTGTTGTTTTATAGTAAGAA 203 
Reverse: AAAATATAAACTAAAATTATATTAAATAAT  
vtg1b 
(NC007133) 
Forward: AGAGGGAGGAGAGGAATTTA 248 
Reverse: CTCAACACCATAAAACTCCTCCTTATATCC  
a Zhao et al.152 Supplementary Material, Table S5. Primers used for real-time PCR (RT-PCR) and bisulfite sequencing PCR (BSP) 
bStromqvist et al.128 
 
Primers were diluted to a working solution of 10 µM. The PCR method was optimized for each 
primer. Cycling conditions were set at (95°C 5min; 95°C 30 s, n°C 30 s, 72°C 30 s [35 cycles]; hold 72°C 
10 min). For ERα n=44°C and for vtg1 n=57°C. Samples were run in 100 µL volumes and were 
comprised of the following mixture volumes (Table 3) utilizing TaKaRa HotStart Taq polymerase. 
Standard Taq polymerase was initially used but it was unable to amplify the bisulfite treated DNA. 
Following amplification, samples were confirmed on a 2% agarose gel with ethidium bromide. DNA 
input volumes into the reaction mixture were estimated from the Qubit analyses prior to bisulfite 
conversion assuming an 80% conversion efficiency (company protocol stated procedure provides >80% 
conversion of sample input).  
Table 3. PCR Reaction Mixture 
 
PCR Reaction Mixture 
Component Vol (µL) 
DI H2O  61.4 
10x Rxn Buffer (Mg2+ free) 10 
25mM MgCl2 12 
dNTP mix (2.5mM each) 12 
Primer (R/F mix; 10µM each) 2 
EpiTaq HS Taq Polymerase 0.6 
BSP-DNA (~8ng total input) 2 
 
Identified bands were visualized and excised from the gel with a razor and UV-transilluminator, 
following which the Zymoclean gel DNA recovery kit (D4001) was used to clean the sample of gel and 
any free nucleotides that might be present. Ethidium bromide, despite intercalating into the dsDNA helix, 
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is removed during the cleaning process and does not affect any downstream processes. Processed 
amplified products were then re-methylated using an E. coli derived CpG methylase (M. Sssl) purchased 
from Zymo (E2010). Following re-methylation, samples were cleaned using the Zymo DNA Clean & 
Concentrator-5 (D4014) to remove any residual reaction components (methylase proteins, SAM). The 
cleaned sample was then digested using a phosphodiesterase-based reaction (Zymo DNA Degradase Plus; 
E2020) that breaks the DNA into individual nucleosides (nucleobase and sugar group). No further 
cleaning was performed prior to MS analysis of samples. Digested DNA samples were diluted in 87:13 
acetonitrile (ACN):H2O by 1/10th to 1/50th to a total of 100 µL in 300 µL inserts in MS-grade autosampler 
vials. Dilutions were adjusted so that instrument response fell within the window of the established 
standard curves. 
MS Quantification 
 
 Chemical analysis was performed using a Waters UPLC-MS/MS Acquity Xevo-TQS operated 
under electrospray ionization (ESI) in positive mode with an ion spray capillary voltage of +2500V. 
Initial work on nucleoside separation with a Waters Acquity UPLC BEH C18 column (1.7µm, 2.1mm x 
100mm) demonstrated that traditional reversed-phase chromatography provided insufficient retention of 
the polar nucleosides. Chromatographic separation of both nucleobases and nucleosides was instead 
performed using a HILIC Waters BEH Amide column (1.7µm, 2.1x150mm). HILIC possesses multi-
modal retention mechanisms including liquid-liquid partitioning (LLP), adsorption, ionic interactions 
(dipole-dipole, hydrogen bonding, and ion-exchange [with the charged silanols on the surface of the 
packing material]), and hydrophobic retention that allow for improved separation of polar compounds 
without converting an instrument over to normal-phase chromatrography116. Column temperature was set 
to 45°C and the autosampler manager was set to 7°C. A mobile phase of 83% acetonitrile and 17% 2 mM 
ammonium formate (0.005% formic acid, pH = ~3.9) under an isocratic gradient at a flow rate of 
0.275 mL/min was used in the separation. One µL injections of sample were used in the analysis. 
Nitrogen was used as the desolvation and cone gas at 800 L/hr and 150 L/hr, respectively, and a nebulizer 
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pressure of 7 bar. Argon was used as the collision gas with a flow rate of 0.15 mL/min. Analytes with two 
daughter ions were monitored for the ion pairs (Tables 4 and 5) at a dwell time of 168ms and those with 
one daughter ion at a dwell time of 330 ms. Data acquisition was performed with MassLynx and the data 
was analyzed using Excel. 
 
Table 4. MS Conditions for Nucleobases 
 
Compounds Parent Daughter1 Daughter2 Cone (V) Collision (V) RT (min) 
Cytosine 111.94 51.92 39.94 40 22 3.06 
5mCytosine 125.94 70.98 56.21 40 20 2.88 
5hmCytosine 141.94 80.94 - 26 18 3.94 
 
Table 5. MS Conditions for Nucleosides 
 
Compounds 
Parent 
(m/z) 
Daughter 
(m/z) 
Cone (V) 
Collision 
(V) 
RT (min) 
Deoxycytidine 228.10 112.04 50 10 3.02 
5-Methyl-2'-
deoxycytidine 
242.23 126.09 2 12 2.80 
5hm-dC 258.04 142.07 18 10 5.99 
 
Results 
Daphnid Toxicity Tests and Whole-Body Methylation Levels 
 
 Minimal loss of analytes were observed for the pharmaceutical standards spiked into the exposure 
beakers with daphnids present. Loss over a 48 hr period ranged from <1-9.5% of the pharmaceuticals 
(Table 6). Based on these values, it was determined that 48 hr static renewals would be appropriate for 
future exposures. 
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Table 6. Degradation of Select Pharmaceuticals over 48 hr in Exposure Scenario 
 
 PAH standards were also spiked into the exposure media with the PPCPs to determine if it was 
feasible to include them in the experimental design by such means. PAHs were not even detectable at 
24 hr, which parallels previous reports of other experimental designs and given the semi-volatility as well 
as photosensitivity of PAHs. As a result, LDPE extracts were not included in either daphnid or zebrafish 
studies. Such an experimental design would necessitate LDPE field concentrated PSDs to be inserted into 
the experimental set up allowing constant replenishment and equilibration of PAH concentration 
throughout the design, which would also necessitate regular analytical confirmation. 
Dry weight of individual adult daphnids ranged between 1.2-1.5 mg. No statistical differences in 
size were observed in adult daphnid weights across treatments. The F0 generation of daphnids showed no 
statistical difference in brood sizes among treatments except for 5AZ (p=0.009). Similarly, time to the 
third brood (which was utilized in each group to start the F1 generation) showed no statistical difference 
except for the 5AZ treatment (p=0.02; Appendix, Table 25).  
 Whole genome methylation analyses of daphnids showed no statistically significant differences 
against the control group across any treatment. Using limited tissue input from the F1 generation relative 
to the F0 generation analysis led to hmC content in the F1 samples falling below detection. F0 generation 
samples across all groups had an average global methylation of 0.176% (±0.12%) and ranged from 0.075-
0.539%. Hydroxymethylation levels in the F0 generation averaged 0.02% (±0.02%) and ranged from 
0.006-0.089%. Average global methylation (mC) of the F1 generation treatment groups was 0.195% 
(±0.04%) and ranged from 0.092-0.230%.  
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 A separate analysis was run of untreated daphnids to compare differences in global methylation 
levels between burdened (with eggs/neonates) and unburdened as well as to determine whole body mC 
and hmC levels based on single daphnids. Daphnids that were designated to be unburdened were made so 
by starving them during the experimental design (designated S; Table 7). Daphnids that were burdened 
were fed (designated F; Table 7). Previous studies have shown that algae fed daphnids compared to gut 
depurated daphnids show no difference in methylation levels; this result paralleled other studies145 and 
after confirmation the variable was ignored. The validation analysis was conducted using single, 
individual 18-day-old adult daphnids. Autosampler vials with inserts allowed for greater concentration of 
samples, and therefore, the use of individual daphnids to provide enough product. No statistically 
significant difference was observed in either global methylation between burdened and unburdened 
daphnid groups (p=0.79). Average global mC levels were 0.230% (±0.022%) and average hmC levels 
were 0.013% (±0.006%). These results are the first recorded levels of hmC content in daphnids and first 
recorded levels of mC or hmC based on single, individual adult daphnids.  
Table 7. Global mC and hmC levels in Individual Adult Daphnids 
 
Samples %mC  %hmC  
S1 0.216% 0.018% 
S2 0.236% 0.015% 
F1 0.209% 0.009% 
F2 0.223% 0.015% 
F3 0.269% 0.019% 
F4 0.225% 0.004% 
Average 0.230% 0.013% 
SD 0.022% 0.006% 
 
Zebrafish Embryo/Larvae Whole Body Genome Methylation 
 
 Significant delays in embryonic development were observed in zebrafish embryos exposed to 
EE2. In the first experiment, after 72 hr 16/17 of the eggs hatched in the control group while 0/17 eggs 
hatched in the group exposed to EE2. One of the unhatched embryos exhibited clear developmental 
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malformations. In the second experiment, 21/32 eggs hatched in the control group and 4/32 hatched in the 
exposure group. 
Reported methylation levels were reported as %5mdC/Cytosine pool, where the cytosine pool 
was the sum of 5-methyl-2'-deoxycytidine and 2'-deoxycytidine. DNA yield from a single embryo ranged 
from 1.0-1.5 µg/mL. Validation tests for the optimized procedure were run to compare the results to 
previous studies. For 48 hr zebrafish embryos (control), calculated whole genome methylation matched 
well with previously recorded values by Kamstra et al.21. Kamstra et al. recorded whole genome 
methylation between 8-8.5% (mC) at 48 hpf (Figure 3) and 8.4% methylation at 96 hpf21. Using the lab 
optimized method, whole genome methylation levels in my study were determined to be 8.34% (±0.17%). 
 
   
 
Figure 3. Whole Genome Methylation Levels a) Kamstra et al.21 b) Lab-derived estimates 
 
 Because previous literature has reported BPA to inhibit DNMT transcription84, which would in 
turn potentially influence whole genome methylation levels, tests were run to determine if EDC exposure 
(of estrogenic compounds aside from BPA) would affect methylation levels as well as if start time of 
exposure (during or post de novo methylation) would be reflected in the results. No statistically 
significant differences in whole body genome methylation of 48 hpf zebrafish embryos were observed 
after exposure to EE2 either during de novo methylation (30 mpf; p=0.45) or post-de novo methylation 
(24 hpf; p=0.14). 
 
a) 
b) 
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Zebrafish Embryo/Larvae Region-Specific Methylation 
 
 Region-specific methylation levels of ERα (esr1) and vtg1 associated CpG islands were 
determined for untreated (control) 48 hpf zebrafish embryos, EE2 treated embryos (exposed at 10-9M) 
representing EDC affected, and embryos treated with the PSD extract of polar PPCPs from the field 
sampling sites (Chapter 2). Significant differences were observed between ERα and vtg1 CpG island 
methylation levels with whole body genome methylation levels (ERα p=0.0005; vtg1 p=0.02). 
Methylation levels of the sites also paralleled the known number of CpG sites within the islands for the 
respective genes.  
 Compared to control methylation levels (29.2% ±5.2%) of ERα in whole body extracts, a 
significant increase (9.5%) in methylation was observed compared to embryos exposed to nominal 
concentrations of EE2 at concentrations of 1x10-9M (38.7% ±2.5%; Figure 4). No significant difference in 
methylation levels were observed between the control group and embryos exposed to PSD extracts from 
RM119 (30.96% ±1.9%). 
 
Figure 4. ERα Differential Methylation in Whole-Body Zebrafish Larvae  
 For vtg1 methylation levels of whole-body extracts, significant differences were observed 
between the control group (6.9% ±0.81%) and the group exposed to PSD extracts from RM119 (12.1% 
Control EE2 10-9M RM119 
29.2% 
38.7% 
30.9% 
* 
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±2.0%); an increase of 5.2% overall methylation was produced from the exposure (Figure 5). No 
significant differences in methylation were observed for embryos exposed to EE2 at a concentration of 
1x10-9M (7.2% ±1.1%).  
 
Figure 5. vtg1 Differential Methylation in Whole-Body Zebrafish Larvae 
Adult Zebrafish Tissue and Region-Specific Methylation 
 
  Tissue-specific methylation levels displayed significant differences compared to whole body 
methylation levels for ERα and vtg1 CpG associated islands. In liver tissue (Figure 6), methylation levels 
for ERα were 45.5% (±3.5%) compared to 29.2% (±5.2%) in whole body tissue (p=0.01). Teste 
methylation levels (Figure 8) were 43.1% (±2.1%; p=0.01). In testes tissue (Figure 9), methylation levels 
of vtg1 were 10.4% (±1.1%) compared to 6.9% (±0.81%; p=0.002). Liver methylation levels (Figure 7) 
were 10.2% (±0.89; p=0.005). 
 Clear differences were not observed between controls and EE2 exposed zebrafish. Liver tissue 
ERα methylation levels showed a 6.1% decrease in methylation (39.4% ±11.9%) in response to EDC 
exposure although the decrease was not significant (p=0.59).  
 
Control EE2 10-9M RM119 
* 
6.90% 7.25% 
12.05% 
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Figure 6. ERα Differential Methylation in Liver Tissue of Adult Zebrafish 
Liver tissue vtg1 methylation levels showed a 3.7% decrease in methylation (6.5% ±3.8%) in 
response to EDC exposure though the decrease was not significant (p=0.09).  
 
 
Figure 7. vtg1 Differential Methylation in Liver Tissue of Adult Zebrafish 
 
Testes tissue ERα methylation levels showed a 1.9% increase in methylation (45.0% ±5.8%) in 
response to EDC exposure; however, the decrease was not significant (p=0.69).  
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Figure 8. ERα Differential Methylation in Testes Tissue of Adult Zebrafish 
 
Testes tissue vtg1 methylation levels showed a 0.9% decrease in methylation (9.5% ±1.6%) in 
response to EDC exposure; nevertheless, the decrease was not significant (p=0.47). 
 
 
Figure 9. vtg1 Differential Methylation in Testes Tissue of Adult Zebrafish 
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Discussion 
 
 The observed decrease in brood size and the time of third brood is assumed to be caused through 
DNMT inhibition by 5AZ despite chemical analyses not showing significant differences in whole body 
methylation levels.  BPA has been shown to decrease DMNT transcription, assumed through estrogenic 
mechanisms, which would suggest other compounds with estrogenic effects (EDCs) could have similar 
effects. The same effects were not observed with EE2 in the daphnids. While daphnids possess ERα 
orthologs, they do not have functionally similar endocrine systems and the roles of the ERα genes are not 
completely understood10. The lack of understanding may mean that the effects on aquatic invertebrates do 
not parallel the effects on vertebrates and DNMT is not affected. Whole body genome methylation levels 
showed no differences; therefore, suggesting DNMT transcription inhibition is not occurring in daphnids. 
Previous studies that considered similar endpoints (mC levels) have found significant decreases in 
methylation at CpG sites although other chemical stressors aside from DNMT inhibitors (5AZ) and 
ageing had minimal observable effect on the methylation levels of highly methylated regions35. Though 
analytical measurements of mC and hmC do not offer support for the brood size observations, evidence 
from the literature explains the effects as it has been noted that the highly methylated regions affected by 
5AZ treatment were associated with critical cellular functions, including protein synthesis, which would 
naturally lead to reduced fitness39.  
It is possible differences in global methylation levels for daphnids may not have been observable 
due to such low methylation levels (with the highest levels being found in the exon regions80) naturally 
present in daphnids, particularly for hydroxymethylation levels. However, unless mechanisms are being 
affected that influence overall genome methylation, such as DNMTs (DNMT3 family of 
methyltransferases being involved with de novo methylation154), utilizing whole genome differential 
methylation as a biomarker of toxic impact from complex mixtures does not appear to be a reliable 
method; based on the results of the zebrafish embryo whole genome methylation analyses, the variability 
may be a combined factor of the low methylation levels of daphnids and the generally tissue specific 
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methylation effects of specific classes of compounds. This may be in part due to the daphnids, unless 
under environmental stress, engaging in parthenogenic reproduction which can allow the organisms to 
bypass certain epigenetic reprogramming mechanisms141. If present in the mixture, toxicants that can 
affect DNMT3 would have the starkest effect during the de novo methylation period of the zebrafish 
embryo. 
Across most of the analyses, mC content appeared relatively consistent. As compared to 
Vandegehuchte138, using pooled samples whole body genome methylation (mC) ranged from 0.22% to 
0.35% with mC content represented as relative to overall guanine content. The hmC content was more 
variable, likely at least in part due to low levels that were close to detection limits. Compared to 
vertebrates, it has been found that invertebrates have starkly lower methylation levels80. From a review of 
the literature, the hmC content though has not been determined for daphnids, nor does it appear that mC 
has been determined from a single daphnid.  
As no differences in whole body methylation were observed in response to EDC exposure in 
zebrafish embryos, it is assumed that any differences observed in region-specific methylation were not 
due to inhibition of DNMT transcription. No tests with zebrafish embryos were run using positive control 
DNMT inhibitors such as 5AZ. Though if EDC exposure affects DNMT enzymes aside from those 
associated with de novo methylation (DNMT3A/B)76, the impact of EDCs may not be demonstrable using 
this approach. With a whole-body tissue approach, it may be more appropriate to measure mRNA 
expression of associated genes, despite much larger requirements for tissue inputs (~40 embryos for 
mRNA analysis rather than a single embryo); previous experiments that considered mRNA expression of 
vtg1 in zebrafish embryos exposed to EE2 did result in increased expression levels as well as a dose 
response relationship between mRNA expression and the estrogenic potency of the EDCs used in 
exposure30. 
Another possibility is that different CpG islands associated with a range of genes were responding 
differently to EDC exposure. Studies have demonstrated that exposure to BPA led to hypomethylation in 
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the promoter region of Nsbp1 and hypermethylation in the promoter region of the Hpcal1 gene78; with 
respect to whole genome methylation this would present clear difficulties. Furthermore, depending on the 
concentration of exposure of BPA, the same regions can either be hyper- or hypomethylated56. As time of 
fertilization was assumed at lights on, there is uncertainty around the window of exposure with respect to 
fertilization. In vitro fertilization was attempted to begin exposure at an environmentally relevant time 
period but males were not receptive to the procedure so it was not used. Prior to exposure, semen and 
oocytes would have been kept on ice in a Hank’s Buffer solution spiked with the PSD extract to mimic 
environmentally relevant exposure scenarios. De novo related effects from the extract mixture may have 
been overlooked due to the start of the exposure regimen. Changes may have been observed if exposures 
were begun at an earlier time point. While oocytes were able to be obtained from gravid females, male 
zebrafish from the exposure did not release seminal fluid in response to any non-invasive extraction 
techniques. The approach was not pursued. Also, as genomically imprinted intrinsic behaviors and actions 
are correlated with epigenetic modifications and imprinted in the control elements of gametes, it is 
suspected reduced fitness from adverse effects to epigenomic traits of either gametes or newly formed 
zygotes can be produced from exposures to environmental mixtures that contain such relevant toxicants16, 
which underscores the importance of beginning the exposures using an IVF technique. Though 
differences from exposures in global methylation were not observed, overall levels of methylation 
matched very well with those established in the literature, strongly suggesting the method was optimized 
to assess differences provided accurate results. Replicate samples were tightly situated, and no significant 
differences were observed based on time points of initial exposure. While it suggests the EE2 exposure 
did not have an effect, it could have been that any effect that would have been observed failed to present 
itself due to the timing of the initial exposure or that it was precluded by the protective nature of the 
chorion. 
 Potential trends in tissue-specific samples may have been more clearly seen with liver tissue 
because extrahepatic vtg1 expression is <10% (than that of the liver)160. Estrogen receptor genes, 
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including esr1, though have been demonstrated to show significant differential expression (based on 
mRNA expression) in both liver and testes tissues29. While carefully extracted, organ tissue from 
zebrafish dissections was difficult both due to the size and poor integrity of the liver. Potential 
contamination of samples with other tissues could have contributed to the variability of computed 
methylation levels; larger sample sizes of liver tissue are likely necessary to confirm differential 
methylation levels. Additional cleaning steps prior to DNA extraction to remove any mesenchymal or 
fatty tissue attached to the outside of the organs may also contribute to lower variability.  
The increase in methylation of esr1 in response to EE2 exposure of the embryo for region-specific 
methylation levels runs contradictory to the expectation of decreased levels and subsequent increased 
expression. In females, exposure to EDCs can cause decreased expression (opposite of that which males 
present) from extreme levels of estrogenic compounds. In contrast, exposure to the field sample of POCIS 
PPCPs did not show differential methylation for the esr1 gene. However, there was differential 
methylation for the vtg1 gene after exposure to POCIS extracts but not in response to EE2 exposure. The 
observed differences would suggest that the results are either not occurring through estrogenic 
mechanisms or that at the exposure level of 1x10-9M, overall estrogenicity was not at a high enough 
concentration and that the combined mixture estrogenicity exceeded the equivalent EE2 level. Analytical 
measurements of known estrogens would not necessarily suffice as there are too many compounds with 
EDC characteristics to be certain. A range-finding experiment with EE2 to determine the concentration, if 
at any, would offer insight into whether the observed increased methylation levels of vtg1 at the whole-
body level were occurring through an estrogenic mechanism. A result of greater import from this 
experiment is that the makeup of the EDC exposure media appears to have an influence on altered 
methylation of these regions. Based on the YES assay results, environmental levels of estrogenic 
compounds in the Savannah River are in the nanomolar range, meaning the EE2 standard exposures of 
1x10-9M would be comparable to the PSD extract exposures. With similar EEQs, the main difference is 
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the type of EDCs the embryos were exposed to, and that the difference in response between vtg1 and ERα 
may be attributable to the chemical profile of the exposure medias. 
In the assessment of region-specific, tissue dependent differences, DNA was not quantified for 
every sample prior to BSP conversion but rather a select few were quantified and used to estimate general 
concentrations across all samples. This approach may have led to inefficient or incomplete conversion 
possibly adding to variability in results downstream. Despite these concerns, a general trend in decreased 
methylation was observed for EE2 exposure of adult zebrafish liver tissue for esr1. This would be 
expected for an increase in expression of the genes. There is a greater expression in the liver tissue which 
would lead to a starker difference in the analytically derived methylation levels. These tests should be 
repeated with larger samples sizes, increased concentrations of EE2, additional POCIS extracts, and 
potentially longer exposure periods. The weak trends observed do not preclude the utility of the general 
procedure and broader concept. Particularly for vtg1, it was expected that even at tissue-specific levels for 
hepatic expression to present more obvious trends than whole body or testes levels. Methylation at the 
vtg1 associated CpG was still relatively low compared to other CpG islands. Additional biomarkers 
should be researched. A similar biomarker of EDC exposure to vtg would be choriogenin, a precursor of 
the egg envelope, which has shown promise in this respect with increases in mRNA exposure having been 
observed from exposure to exogenous compounds with estrogenic activity31. 
With respect to limiting unnecessary testing with animals, it would also be worth determining if 
the differential methylation at the sites was carried in the sperm of the exposed adult male zebrafish, as 
was observed in genes related to adipogenesis and embryonic development78. Reference levels of 
methylation could potentially be established from the same impacted monitoring sites by utilizing tissues 
that do not express the respective gene, as was observed for differences in methylation between brain and 
liver tissue for vtg1 in zebrafish129. For any species of fish for which the ER and vtg orthologs are 
sequenced and understood, the approach could serve as a non-invasive means of retrieving in situ samples 
allowing lab exposures to be forgone. While additional experiments are necessary to confirm the general 
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trends observed, the results suggest the hypothesized results and offer limited evidence that epigenetic 
biomarkers of exposure can supplement and strengthen environmental risk assessments of surface waters. 
Conclusion 
 
 Regarding daphnid exposures, and for the sake of limiting use of vertebrates in toxicity assays, 
the same tissue specific procedures and analyses should be assessed for relevant CpG island associated 
regions with genes of interest. Genes associated with carapace development have been shown to be 
affected by EDC exposure and can serve the same biomarker role as vtg1 and ERα for environmental 
mixtures. This though is dependent on whether such genes are regulated through epigenetic mechanisms 
and such a study for its determination would need to be conducted. If it offered an alternative procedure 
to vertebrate exposures though, it would be a worthwhile investment. Greater depth of study into 
differences in hmC content ought to be conducted over life stages of daphnids now that this work has 
establish it at the adult level. Given that decreases in overall methylation occur due to ageing, differences 
from chemical stress may be more difficult to observe with older daphnids. The results obtained in this 
study suggest the potential for epigenetic biomarkers’ utility in the environmental risk assessment of 
surface waters, though further work needs to be done to confirm this assumption. 
 For whole genome methylation analyses using zebrafish embryos, in vitro fertilization assays 
ought to be attempted to determine if differences can be observed depending on time of exposure. 
Positive controls were not used in this study and should be included for future assessments. More focus 
though should be placed on tissue specific results. Passive sampling extracts were not utilized for the 
tissue-specific testing in my study and for the purpose of identifying potential differences based on 
chemical mixture make up (both from samples collected from different locations and the same location at 
different time points), such experiments ought to be conducted in the future. Given the differences 
observed with the whole body vtg1 analyses from PSD extract exposure, increased estrogenicity above 
which was tested in the standard control or potentially increased susceptibility from endocrine effects due 
to the other constituents of the environmental mixtures may be contributing to the positive results. This 
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hypothesis would be more clearly tested in tissue specific tests. Further epigenetic biomarkers ought to be 
compared and related to chemical mixture makeup to develop a better understanding of how complex 
mixtures add to the susceptibility of toxicant effects and the utility they provide for early risk assessment 
of impacted waters. 
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Chapter 5 
Conclusion 
 
 From the chemical monitoring assessments of the Savannah River locations, levels of all 
compounds (PAHs, PCBs, Pharmaceuticals) were low. The contaminants were present at concentrations 
that affected susceptible species at lower bound concentrations for adverse behavioral effects. From the 
bioassays, dose-dependent effects were observed for developmental malformations. For overall 
estrogenicity, levels along the Savannah River were at physiologically relevant concentrations that could 
lead to intersexuality. Based on these results, a focus on the endocrine disrupting effects of the complex 
mixtures was justified. For epigenetic biomarkers of exposure, significant differences were observed 
between exposures and control groups. Furthermore, differences in methylation of CpG islands were 
observed between exposures of similar estrogenicity levels with differing chemical composition. There 
are complexities to the response to complex mixtures and EDCs from an epigenetic perspective that 
deserve further research.  
Future directions and related studies should continue to focus on and develop more holistic, 
environmentally relevant scenarios to understand the effects of complex mixture toxicity. One approach 
to take would be to use a flow-through exposure system with water pumped from a field site. In such a 
facility, well-studied model organisms can be bred and exposed to the environmental samples allowing 
for generational studies to be conducted. Short-term spikes in concentrations due to waste discharge or 
extreme weather events would be taken into account and exposure concentrations would not be TWA 
levels. Extreme events may be what contribute to temporal variability observed in other studies. Within 
the same system, PSDs can be set up to determine the profile of contaminants the animals are exposed to 
and flow rate can be controlled which would eliminate it as a confounding variable regarding uptake 
rates. Control groups can be maintained in the same facility bred using lab prepared mod-hard water and 
used for reference levels of methylation.  
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 Using an environmental flow-through system would save time and complexity regarding PSD 
extractions and exposure systems. The chemical profiles determined from analytical measurements of 
PSDs is representative, but not exact as uptake rates differ among analytes (and they are typically lab 
derived, not taking into account confounding environmental variables leading to uncertainty in the 
estimates). At times, inclement conditions can prevent the collection of samplers that lead to extended 
collection periods that are potentially outside the kinetic regime of integrative samplers making TWA 
estimates less accurate. Furthermore, not all analytes are captured with the PSD devices and the methods 
of extraction will determine the classes of compounds obtained; for example, separate extraction 
procedures for the POCIS are required depending on whether PPCPs are being removed vs. 
herbicides/pesticides. However, the system as described would not take into account impacts for 
pollutants that accumulate through the food web. Levels of uncertainty will always be present when 
making cross-species assumptions, an example being zebrafish’s greater resistance to the toxic effects of 
BPA to other EDCs. 
Establishing exposures with PSD extracts can be difficult as the individual constituents of the 
mixtures do not behave similarly; volatility and degradation rates of compounds vary significantly. For 
nonpolar, semi-volatile compounds, the PSD materials themselves need to be incorporated into the 
exposure system to maintain equilibrium concentrations of the toxicants. Regular analytical 
measurements are required to have any confidence beyond nominal concentrations. Exposure periods 
from PSD extracts are also limited precluding any tests to investigate transgenerationally inherited effects 
from complex mixtures. A flow-through system fed from a field site would allow these studies and 
incorporate the field site specific water quality parameters, which have been shown to influence observed 
levels of toxic effect for certain pollutants. If the parameters are monitored, they can be mimicked with 
the control group to provide as relevant a comparison as achievable.  
 Based on the results of this study, which was limited in scope, the concerns on the topic can be 
better addressed. These concerns include establishing reference levels for methylation for the genes of 
interest and determining benchmarks of differential methylation for adverse effects from the mixtures52. 
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Alternative epigenetic biomarkers for a range of COCs should also be explored as well as alternative 
means of collecting tissue samples. With some epigenetic modifications to chemical stressors being 
preserved in the sperm, such a non-invasive sampling technique could lead to more ethical animal study 
practices than have been practiced in the past. However, no laboratory conducted study can truly mimic 
environmental conditions for the chemical stress on animals in the field. Given the complexity and limited 
understanding of mixture toxicity, any principal toxic component assessment of mixture toxicity is naïve 
and presents an underestimation of the impact. The nuanced, sublethal, and long-term effects of 
environmental pollutants can only truly be assessed under more inclusive study conditions with more 
tailored endpoints being measures. Developing a better understanding of the utility and practicality of 
epigenetic biomarkers of exposure and toxicity can lead to a new field of toxicity monitoring and risk 
assessment.  
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PSD Deployment Maps 
 
Figure 1. PSD Sampling Locations 
 
 
Figure 2. Deployment Area Watersheds 
Savannah 
Ogeechee 
Edisto 
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Figure 3. Location of WWTPs along the Savannah River Basin 
 
 
Georgia Department of Natural Resources: Environmental Protection Division. (2001). Savannah River 
Basin Management Plan50
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Table 1. PCB Composition of Aroclors 1016 and 1254 
PCB Congener 
1:1 (v/v) Mix 
Congener Weight % 
4 1.840 
10 0.115 
7 0.148 
9 0.293 
6 0.838 
5 0.080 
8 4.195 
19 0.500 
12 0.035 
13 0.123 
18 5.485 
17 2.015 
15 1.223 
27 0.253 
24 0.083 
16 1.968 
32 1.200 
34 0.030 
23 0.015 
54 0.008 
29 0.100 
26 0.798 
25 0.360 
31 4.743 
28 4.330 
20 0.443 
33 3.153 
53 0.513 
51 0.320 
22 1.768 
45 0.630 
46 0.243 
52 3.863 
43 0.133 
49 2.028 
48 0.843 
47 0.678 
PCB Congener 
1:1 (v/v) Mix 
Congener Weight % 
75 0.030 
35 0.028 
44 2.983 
59 0.203 
42 0.855 
37 0.528 
71 0.648 
41 0.388 
64 1.165 
96 0.033 
40 0.358 
103 0.008 
57 0.005 
67 0.030 
63 0.050 
94 0.005 
74 0.923 
70 2.868 
102 0.080 
76 0.013 
66 1.330 
95 2.175 
91 0.395 
56 0.595 
60 0.300 
92 0.465 
84 1.000 
89 0.050 
101 3.395 
113 0.005 
99 1.893 
119 0.050 
83 0.260 
97 1.360 
86 0.040 
125 0.013 
117 0.105 
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PCB Congener 
1:1 (v/v) Mix 
Congener Weight % 
115 0.143 
87 1.850 
85 0.943 
136 0.235 
110 4.428 
154 0.015 
77 0.058 
82 0.660 
151 0.228 
135 0.223 
144 0.090 
124 0.190 
147 0.030 
109 0.288 
139 0.073 
149 1.368 
123 0.118 
118 5.235 
134 0.143 
133 0.028 
114 0.170 
131 0.083 
122 0.088 
146 0.280 
153 1.765 
132 0.948 
105 2.590 
179 0.030 
141 0.418 
137 0.235 
130 0.275 
176 0.010 
164 0.178 
163 0.433 
138 2.938 
158 0.428 
178 0.008 
129 0.193 
PCB Congener 
1:1 (v/v) Mix 
Congener Weight % 
126 0.005 
166 0.025 
187 0.085 
183 0.068 
128 0.783 
167 0.155 
174 0.120 
177 0.070 
171 0.055 
156 0.488 
157 0.123 
172 0.025 
180 0.273 
193 0.008 
170 0.218 
190 0.030 
189 0.003 
208 0.005 
194 0.003 
206 0.015 
*Frame, G. (1997) 
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Table 2. Assigned PCB Congeners and Retention Times 
Peak # Congener RetTime 
RRT 
Aldrin 
RRT 
PCB 204 
1:1 Mix 
Wt% 
1 4, 10 15.6195 0.5765 0.3190 1.995 
2 9, 7 16.6586 0.6148 0.3403 0.441 
3 6 17.1460 0.6328 0.3502 0.838 
4 8, 5 17.4280 0.6432 0.3560 4.275 
5 14 18.0989 0.6680 0.3697 - 
6 19 18.4671 0.6816 0.3772 0.500 
7 12 19.5219 0.7205 0.3988 0.035 
8 13, 18 19.7172 0.7277 0.4027 5.608 
9 17, 15 19.8435 0.7324 0.4053 3.248 
10 24, 27 20.3793 0.7521 0.4163 0.336 
11 16, 32 20.9353 0.7727 0.4276 3.168 
12 34, 23 21.5313 0.7946 0.4398 0.023 
13 54, 29 21.8346 0.8058 0.4460 0.058 
14 26 22.1858 0.8188 0.4532 0.798 
15 25 22.3767 0.8258 0.4571 0.360 
16 31 22.8240 0.8424 0.4662 4.743 
17 28 22.9295 0.8462 0.4684 4.330 
18 20, 33, 53 23.7271 0.8757 0.4847 4.109 
19 51 24.2140 0.8937 0.4946 0.160 
20 22 24.3838 0.8999 0.4981 1.768 
21 45 24.8314 0.9164 0.5072 0.630 
22 46 25.5228 0.9420 0.5213 0.243 
23 43, 52 25.8882 0.9554 0.5288 3.996 
24 49 26.2711 0.9696 0.5366 2.028 
25 48 26.5161 0.9786 0.5416 0.843 
26 47, 75 26.6098 0.9821 0.5435 0.708 
27 Aldrin 27.0954 1.0000 0.5535 - 
28 35 27.3262 1.0085 0.5582 0.028 
29 44 27.7186 1.0230 0.5662 2.983 
30 59 27.9096 1.0300 1.0519 0.203 
31 42, 37 28.0177 1.0340 0.5723 1.383 
32 71 28.7064 1.0595 0.5864 0.648 
33 41, 64 28.8154 1.0635 0.5886 1.553 
34 96 29.2311 1.0788 0.5971 0.033 
35 40, 103, 57 29.5405 1.0902 0.6034 0.371 
36 67 30.0433 1.1088 0.6137 0.030 
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37 63, 94 30.5412 1.1272 0.6238 0.055 
38 74 30.8935 1.1402 0.6310 0.923 
39 70 31.2427 1.1531 0.6382 2.868 
40 76, 102 31.4315 1.1600 0.6420 0.093 
41 95, 66 31.6358 1.1676 0.6462 3.505 
42 91 32.2045 1.1886 0.6578 0.395 
43 56, 60 33.0814 1.2209 0.6757 0.895 
44 92 33.2115 1.2257 0.6784 0.465 
45 84, 89 33.5334 1.2376 0.6850 1.040 
46 101, 113 33.7246 1.2447 0.6889 3.400 
47 99 34.1905 1.2619 0.6984 1.893 
48 119 34.7657 1.2831 0.7101 0.050 
49 83 35.1866 1.2986 0.7187 0.260 
50 97, 86, 125 35.6551 1.3159 0.7283 1.413 
51 87, 115, 117 36.1218 1.3331 0.7378 2.098 
52 85 36.4951 1.3469 0.7455 0.943 
53 136 36.7406 1.3560 0.7505 0.235 
54 77, 110, 154 37.0155 1.3661 0.7561 4.501 
55 82 38.0111 1.4029 0.7764 0.660 
56 151 38.1191 1.4068 0.7786 0.228 
57 135, 144, 124 38.5190 1.4216 0.7868 0.503 
58 109, 147 38.9230 1.4365 0.7950 0.318 
59 139, 149, 123 39.1999 1.4467 0.8007 1.559 
60 118 39.3582 1.4526 0.8039 5.235 
61 134 40.1204 1.4807 0.8195 0.143 
62 114, 133 40.3259 1.4883 0.8237 0.198 
63 131, 122 40.4973 1.4946 0.8272 0.171 
64 146 40.8698 1.5084 0.8348 0.280 
65 153 41.3996 1.5279 0.8456 1.765 
66 132 41.6072 1.5356 0.8499 0.948 
67 105 41.7018 1.5391 0.8518 2.590 
68 141, 179, 137 42.5166 1.5691 0.8684 0.683 
69 176, 130 43.1174 1.5913 0.8807 0.285 
70 164, 163 43.3607 1.6003 0.8857 0.611 
71 138 43.8355 1.6178 0.8954 2.938 
72 158 44.0419 1.6254 0.8996 0.428 
73 178, 129, 126 44.5306 1.6435 0.9096 0.206 
74 166 45.0773 1.6637 0.9208 0.025 
75 187 45.3338 1.6731 0.9260 0.085 
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76 183 45.7736 1.6894 0.9350 0.068 
77 128 46.2191 1.7058 0.9441 0.783 
78 167 46.3389 1.7102 0.9465 0.155 
79 174 47.3654 1.7481 0.9675 0.120 
80 177 47.8359 1.7655 0.9771 0.070 
81 156, 171 48.3057 1.7828 0.9867 0.543 
82 157 48.7972 1.8009 0.9967 0.123 
83 204 48.9570 1.8068 1.0000 - 
84 172 49.2342 1.8171 1.0057 0.025 
85 180, 193 49.7892 1.8376 1.0170 0.281 
86 169 51.5392 1.9021 1.0527 - 
87 170, 190 52.2839 1.9296 1.0680 0.248 
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Table 3. Structure of EPA Priority 16 
PAHs 
 
Compound Name MW Structure 
2-Ring Structures 
Naphthalene 128.17 
 
3-Ring Structures 
Acenaphthylene 152.19 
 
Acenaphthene 154.21 
 
Fluorene 166.22 
 
Phenanthrene 178.23 
 
Anthracene 178.23 
 
o-Terphenyl (IS) 
(OTP) 
230.30 
 
4-Ring Structures 
Fluoranthene 202.25 
 
Pyrene 202.51 
 
Benz(a)anthracene 
(BaA) 
228.29 
 
Chrysene 228.29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound Name MW Structure 
5-Rings Structures 
Benzo(b)fluoranthene 
(BbF) 
252.31 
 
Benzo(k)fluoranthene 
(BkF) 
252.31 
 
Benzo(a)pyrene 
(BaP) 
252.31 
 
Dibenz(a,h)anthracene 278.35 
 
 
6-Ring Structures 
Indeno[1,2,3-
cd]pyrene 
276.33 
 
Benzo(g,h,i)perylene 276.33 
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Alternative PAH Analysis Approaches 
 
Development of analytical procedures for PAHs were first attempted by means of HPLC analysis. 
The method for HPLC analysis was based on MA DEP protocol96 for determining extractable petroleum 
hydrocarbon concentrations. The instrument conditions for the method are presented in (Appendix, Table 
4). The column used for the MA DEP method was an RTX-5 30m x 0.32mm I.D. column with a 0.25µm 
film thickness. The separation and analysis of purchased PAH standards for this study was performed 
using a Waters 1525 binary HPLC pump, Water 717plus Autosampler, Waters 2487 Dual λ Absorbance 
Detector, and Waters 2475 Multi λ Fluorescence Detector. A 4.6 x 150mm Symmetry C18 column with 
5µm particle size was used. Water and acetonitrile (ACN) were used in a gradient elution starting at 40% 
ACN and terminating at 100% ACN at the end of a 60 minute run time. The column temperature was kept 
at room temperature (25°C). The UV detector was set at 254 nm. The fluorescence detector was set at an 
excitation wavelength of 290 nm and an emission wavelength of 430 nm. HPLC analysis of the PAH 
standards provided very poor resolution of the PAHs. Individual PAHs were not able to be clearly 
identified from the UV spectra. The fluorescence spectra results were not able to be retrieved from the 
computer. 
Alternatively, GC-FID analysis was attempted using an Agilent 6890 system with a 30m RTX-5 
column with a 0.25mm internal diameter and 0.3µm film thickness which corresponds to a phase ratio (ß) 
of 208. The instrument conditions and oven temperature programs used in the two methods performed on 
the Agilent 6890 are presented in (Appendix, Table 4); the MA DEP method96 and an optimized, shorter 
run time were utilized. A separate Shimadzu system with a polar column was also used. Similar 
parameters were set for this run, though a lower final temperature was used in the oven temperature 
program.  
The Agilent 6890 GC-FID with a low polarity column did not produce any identifiable peaks, 
other than the solvent peak (RT 3.170), ranging in concentrations from 0.1 – 100ng/mL individual PAH. 
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Standard mixtures of PAHs at a concentration of 100 ng/mL were run on a Shimadzu GC-FID with a 
polar column and produced similar results. The only identifiable peak was the solvent peak. No further 
tests were run on this system. High concentrations (100 µg/mL PAH and 1 mg/mL OTP) using the 
optimized method did produce peaks, though even at 100 µg/mL not all PAH peaks could be 
distinguished. Even at these concentrations, which are far higher than would be expected from 
preconcentrated environmental surface water samples, failed to produce the necessary utility. With 
individual PAH concentrations of analyzed samples present at ppb levels, the GC-FID was unable to 
provide the sensitivity necessary. 
While PAH analysis with HPLC-fluorescence or GC-FID would have been preferred due to 
easier access and cheaper sample runs, the HPLC was unable to chromatographically separate the PAHs 
and the FID detector lacked the necessary sensitivity for low concentrations of PAHs sampled at the sites. 
This reflects not a lack of presence of PAHs in the environment, but a low concentration of freely 
dissolved, bioavailable fractions of total PAHs as their highly nonpolar characteristics tend to an 
accumulation in the sediment opposed to the water column. It was decided analysis needed be 
accomplished using GC-MS. 
For the GC-MS method, all of the base peaks except for acenaphthene were the parent 
compounds. Acenaphthene had a base beak of 153, one amu less than the parent compound (154). 
Extraction efficiencies for isooctane and DCM could not be determined with the MS in scan mode as 
background noise was too high for the low concentrations being analyzed. Due to similar outcomes and 
DCM’s greater vapor pressure (allowing for faster dry down and solvent reconstitution times), DCM was 
chosen for subsequent extractions. The largest peaks were identified in the LDPE extraction 
chromatograms as undecane (RT 6.5) and hexadecanoic acid (RT 15.7). In the isooctane extracted 
sample, undecane had the higher concentration and there was more noise from interfering compounds at 
the beginning of the run. In the DCM extracted sample, hexadecanoic acid had the higher concentration 
and more noise from interfering compounds was present around the retention time of the acid. The 
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presence of these contaminants extracted from the sorption media suggested an inefficient cleaning 
efficiency. To improve on this, and based on suggestions from other labs, LDPE samplers were solvent 
cleaned while on a standard orbital shaker so that solvent washes were not static to increase turbulence 
and extraction efficiency. The presence of aliphatic hydrocarbons in the sorption media is not uncommon 
or unexpected, though additional precautions to limit its presence were taken. Increases in solvent 
volumes during the cleaning procedure were also made. 
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Table 4. PAH Method Development Instrument Programming and Results 
 
MA DEP96 GC-FID Instrument Conditions 
Instrument Conditions 
Injection volume 1-4 µL 
Injection port temperature 285 °C 
Detector temperature 315 °C 
Gas Flow Rates (mL/min)  
     Carrier gas He (2-3) 
     Oxidizer Air (400) 
     Fuel H2 (35) 
     Make up Air (30) 
Linear velocity 50 cm/s 
 
Agilent 6890 GC-FID Instrument Conditions (Optimized) 
Instrument Conditions 
Injection volume 2 µL 
Injection port temperature 285 °C 
Detector temperature 315 °C 
Gas Flow Rates (mL/min)  
     Carrier gas H2 (1.7) 
     Oxidizer Air (400) 
     Fuel H2 (35) 
     Make up N2 (30) 
Linear velocity 45 cm/s 
 
Agilent GC-EI/MS Instrument Conditions (Optimized) 
Instrument Conditions 
Injection volume 2 µL 
Injection port temperature 285 °C 
Solvent delay 5 min 
 
 
 
 
 
 
 
Oven Temperature Program 
- 60 °C (1 min) 
8 °C/min 290 °C (6.75 min) 
Total run time 36.5 min 
Oven Temperature Program 
- 60 °C (1 min) 
14 °C/min 290 °C (6 min) 
Total run time 22.4 min 
Oven Temperature Program 
- 75 °C (3 min) 
15 °C/min 200 °C (2 min) 
15 °C/min 270 °C (2 min) 
8 °C/min 295 °C (2 min) 
15 °C/min 310 °C (4 min) 
Total run time 30.125 min 
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Agilent GC-EI/MS SIM Parameters 
Group 
Start time 
(min) 
Ions (m/z) 
1 5.00 128, 152, 153, 166 
2 13.30 178, 202, 230 
3 18.80 228, 252 
4 25.60 276, 278 
* all dwell times for each ion are 20 msec 
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Results for GC-EI/MS (Optimized) 
 
Figure 4. Chromatogram of PAH Standards on GC-EI/MS 
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Table 5. PAH Peak Assignment and Retention Times 
 
PEAK RT (MIN) RRT COMPOUND 
1 7.612 0.5315 NAPHTHALENE 
2 10.221 0.7137 ACENAPHTHYLENE 
3 10.504 0.7334 ACENAPHTHENE 
4 11.358 0.7930 FLUORENE 
5 13.326 0.9305 PHENANTHRENE 
6 13.468 0.9404 ANTHRACENE 
7 14.322 1.0000 O-TERPHENYL (IS) 
8 16.144 1.1272 FLUORANTHENE 
9 16.603 1.1593 PYRENE 
10 19.088 1.3328 CHRYSENE 
11 19.162 1.3379 BENZ[A]ANTHRACENE 
12 21.852 1.5258 BENZO[B]FLUORANTHENE 
13 21.926 1.5309 BENZO[K]FLUORANTHENE 
14 22.686 1.5840 BENZO[A]PYRENE 
15 25.74 1.7972 INDENO[1,2,3-CD]PYRENE 
16 25.835 1.8039 DIBENZO[A,H]ANTHRACENE 
17 26.371 1.8413 BENZO[G,H,I]PERYLENE 
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Table 6. Raw PCB Data for Savannah River Monitoring Sites 
       
RM119 
  
3/6-
4/10/15 
5/22-
7/2/15 
7/2-
8/13/15 
8/13-
9/11/15 
9/11-
10/16/15 
10/16-
4/26/16 
Total PCB       4.90 9.66 8.33 
SD       2.33 3.45 7.59 
# congeners       20 8 23 
cons detected       41 25 32 
%Rec14         86.30   
%Rec169         125.03   
RM179 
  
3/6-
4/10/15 
5/22-
7/2/15 
7/2-
8/13/15 
8/13-
9/11/15 
9/11-
10/16/15 
10/16-
4/26/16 
Total PCB   16.47 25.10   4.72 14.69 
SD   3.67 5.23   2.85 5.61 
# congeners   10 26   3 26 
cons detected   21 27   17 38 
%Rec14         95.33   
%Rec169         144.7   
RM190 
  
3/6-
4/10/15 
5/22-
7/2/15 
7/2-
8/13/15 
8/13-
9/11/15 
9/11-
10/16/15 
10/16-
4/26/16 
Total PCB 1.80 30.35     2.32 18.61 
SD 0.23 13.63     0.53 8.99 
# congeners 2 28     3 31 
cons detected 17 29     15 44 
%Rec14             
%Rec169             
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PAH Chemical Monitoring Data 
 
Calculated Surface Water Concentrations (CW) 
 
Table 7. Savannah River Location RM119: Estimated PAH surface water concentrations 
 
*Calculated CW based on Adams et al. 2007 
 
Cw (ng/L) 10/31/2014 1/21/2015 3/16/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015 9/11/2015 9/28/2016
Naphthalene 286.622 39.068 36.549 34.195 17.450 20.479 27.221 24.506 19.916
Acenaphthylene 13.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Acenaphthene 7.644 8.883 10.784 8.459 6.935 6.418 7.144 6.743 3.278
Fluorene 7.996 15.964 4.956 7.595 0.000 0.000 7.511 2.510 0.000
Phenanthrene 3.960 3.978 3.658 4.077 3.767 3.523 3.802 3.751 3.598
Anthracene 0.907 1.526 1.380 0.576 0.277 0.000 0.000 0.880 1.235
Fluoranthene 0.945 1.517 1.343 1.092 0.759 0.748 0.845 0.978 1.224
Pyrene 1.453 2.246 1.950 1.555 1.176 1.147 1.185 1.513 1.892
Chrysene 0.285 0.196 0.115 0.208 0.257 0.204 0.153 0.270 0.389
Benz[a]anthracene 0.092 0.067 0.076 0.046 0.038 0.036 0.022 0.094 0.150
Benzo[b]fluoranthrene 0.044 0.042 0.032 0.048 0.055 0.054 0.056 0.055 0.068
Benzo[k]fluoranthrene 0.024 0.023 0.025 0.027 0.031 0.031 0.032 0.031 0.039
Benzo[a]pyrene 0.022 0.027 0.009 0.027 0.030 0.029 0.030 0.029 0.030
Indeno[1,2,3-CD]pyrene 0.010 0.000 0.000 0.012 0.008 0.008 0.000 0.016 0.000
Dibenzo[a,h]anthracene 0.000 0.000 0.000 0.005 0.000 0.004 0.000 0.008 0.000
Benzo[g,h,i]perylene 0.007 0.000 0.000 0.000 0.013 0.013 0.020 0.000 0.019
PAHtot 323.038 73.537 60.876 57.921 30.795 32.693 48.021 41.384 31.839
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Table 8. Savannah River Location RM179: Estimated PAH surface water concentrations 
 
 
 
 
Date: 1/21/2015 3/6/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015 9/11/2015
Compound Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L)
Naphthalene 43.29 15.11 38.98 43.37 3.97 1.71 49.87
Acenaphthylene 0.00 0.00 0.00 4.13 0.00 9.11 3.98
Acenaphthene 7.01 7.43 4.73 9.03 0.53 2.01 6.59
Fluorene 5.08 5.08 2.48 7.63 0.00 6.82 0.00
Phenanthrene 4.50 4.35 4.24 4.02 1.27 1.34 3.68
Anthracene 0.00 0.00 0.30 0.62 0.00 0.00 0.88
o-Terphenyl (RS)
Triphenyl-methane (IS)
Fluoranthene 2.57 1.78 2.19 1.13 0.72 1.71 1.44
Pyrene 2.31 1.61 2.28 1.29 0.55 0.56 1.68
Chrysene 0.17 0.14 0.20 0.18 0.21 0.15 0.29
Benz[a]anthracene 0.08 0.22 0.05 0.04 0.00 0.00 0.10
Benzo[b]fluoranthrene 0.05 0.04 0.05 0.05 0.06 0.05 0.05
Benzo[k]fluoranthrene 0.03 0.02 0.02 0.03 0.00 0.00 0.03
Benzo[a]pyrene 0.01 0.02 0.01 0.03 0.06 0.09 0.02
Indeno[1,2,3-CD]pyrene 0.02 0.00 0.00 0.01 0.00 0.00 0.00
Dibenzo[a,h]anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzo[g,h,i]perylene 0.01 0.01 0.00 0.01 0.00 0.00 0.01
Cw(16PAH ng/L): 65.13 35.80 55.53 71.57 7.38 23.56 68.63
Max conc: 43.29 15.11 38.98 43.37 3.97 9.11 49.87
Row 1 1 1 1 1 2 1
Highest conc: Naphthalene Naphthalene Naphthalene Naphthalene Naphthalene AcenaphthyleneNaphthalene
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Table 9. Savannah River Location RM 190: Estimated PAH surface water concentrations 
 
 
 
Date: 10/31/2014 12/12/2014 3/6/2015 4/10/2015 7/2/2015 8/13/2015
Compound Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L)
Naphthalene 54.273 23.45 27.16 7.38 4.97 19.00
Acenaphthylene 0.000 0.00 0.00 0.17 1.16 0.00
Acenaphthene 6.525 2.12 7.01 0.53 0.45 0.00
Fluorene 0.000 0.00 7.77 0.45 5.05 0.00
Phenanthrene 3.572 3.88 5.00 0.00 0.00 2.32
Anthracene 0.000 0.00 0.54 0.00 0.00 0.00
Fluoranthene 1.286 2.28 2.47 0.04 1.55 0.84
Pyrene 1.400 1.93 1.89 0.03 0.05 1.10
Chrysene 0.184 0.19 0.16 0.09 0.08 0.22
Benz[a]anthracene 0.030 0.05 0.42 0.00 0.00 0.06
Benzo[b]fluoranthrene 0.043 0.05 0.05 0.01 0.01 0.05
Benzo[k]fluoranthrene 0.024 0.03 0.03 0.00 0.00 0.03
Benzo[a]pyrene 0.029 0.03 0.03 0.01 0.04 0.02
Indeno[1,2,3-CD]pyrene 0.016 0.00 0.02 0.00 0.00 0.01
Dibenzo[a,h]anthracene 0.008 0.00 0.01 0.00 0.00 0.00
Benzo[g,h,i]perylene 0.006 0.00 0.00 0.00 0.00 0.01
Cw(16PAH ng/L): 67.397 34.00 52.54 8.71 13.38 23.67
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Table 10. Savannah River Location: Hartwell Dam 
Date: 11/13/2014 2/3/2015 7/30/2015 11/18/2015 3/8/2016 7/26/2016 9/19/2016 3/30/2017
Compound Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L) Cw (ng/L)
Naphthalene 25.363 28.899 24.365 19.321 17.214 20.484 23.763 21.978
Acenaphthylene 0.000 0.000 4.176 0.000 0.000 3.980 0.000 0.000
Acenaphthene 0.000 4.328 0.000 4.376 6.347 6.768 0.000 8.092
Fluorene 0.000 0.000 2.658 4.922 0.000 0.000 0.000 0.000
Phenanthrene 2.281 3.572 0.000 2.422 3.646 2.348 0.000 3.604
Anthracene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fluoranthene 0.671 0.918 1.535 0.829 0.854 0.687 0.770 0.888
Pyrene 0.559 0.652 1.120 0.692 0.627 0.621 0.594 0.651
Chrysene 0.183 0.137 0.225 0.142 0.150 0.253 0.142 0.143
Benz[a]anthracene 0.091 0.070 0.052 0.028 0.027 0.074 0.013 0.066
Benzo[b]fluoranthrene 0.041 0.034 0.032 0.021 0.037 0.045 0.009 0.034
Benzo[k]fluoranthrene 0.022 0.018 0.017 0.011 0.020 0.025 0.005 0.018
Benzo[a]pyrene 0.018 0.027 0.000 0.009 0.009 0.009 0.000 0.009
Indeno[1,2,3-CD]pyrene 0.000 0.010 0.000 0.000 0.008 0.016 0.000 0.000
Dibenzo[a,h]anthracene 0.000 0.000 0.000 0.009 0.004 0.008 0.000 0.000
Benzo[g,h,i]perylene 0.006 0.013 0.000 0.007 0.000 0.006 0.000 0.007
Cw(16PAH ng/L): 29.235 38.679 34.181 32.789 28.941 35.325 25.296 35.489
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Table 11. Edisto River Location 
 
 
 
Date: 12/8/2016 1/12/2017
Compound Cw (ng/L) Cw (ng/L)
Naphthalene 14.729 14.807
Acenaphthylene 0.000 0.000
Acenaphthene 0.000 0.000
Fluorene 0.000 0.000
Phenanthrene 4.169 4.011
Anthracene 0.295 0.000
Fluoranthene 0.875 0.809
Pyrene 2.950 0.631
Chrysene 0.126 0.132
Benz[a]anthracene 0.020 0.010
Benzo[b]fluoranthrene 0.038 0.031
Benzo[k]fluoranthrene 0.021 0.016
Benzo[a]pyrene 0.000 0.000
Indeno[1,2,3-CD]pyrene 0.000 0.000
Dibenzo[a,h]anthracene 0.008 0.000
Benzo[g,h,i]perylene 0.006 0.000
Cw(16PAH ng/L): 23.239 20.446
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LDPE PAH Concentrations (ng PAH/g LDPE) 
 
Table 12. Savannah River Location RM119 
 
 
 
 
Date: 10/31/2014 1/21/2015 3/16/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015 9/11/2015 9/28/2016
Location: 119 119 119 119 119 119 119-1 119 119
Compound Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD PPB Average ±SD Average ±SD
Naphthalene 284.59 103.66 38.79 4.30 36.29 23.99 33.95 7.75 17.33 0.43 20.33 1.87 27.03 24.33 0.85 19.77 1.74
Acenaphthylene 51.50 3.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthene 38.04 1.57 44.20 1.35 53.66 25.53 42.10 4.21 34.51 0.77 31.94 0.62 35.55 33.55 0.64 16.31 23.07
Fluorene 79.40 5.91 158.51 55.47 49.21 43.02 75.42 2.78 0.00 0.00 0.00 0.00 74.58 24.92 43.17 0.00 0.00
Phenanthrene 78.45 3.15 78.82 8.88 72.46 29.08 80.76 5.65 74.62 3.16 69.79 2.36 75.32 74.30 2.11 71.28 0.06
Anthracene 17.97 0.63 30.23 14.34 27.34 18.30 11.40 9.90 5.50 9.52 0.00 0.00 0.00 17.44 0.89 24.46 2.55
Fluoranthene 93.85 7.76 150.58 0.72 133.35 9.10 108.43 14.21 75.36 7.01 74.30 5.88 83.89 97.14 2.66 121.51 2.54
Pyrene 144.23 20.69 223.03 23.41 193.64 59.12 154.35 37.89 116.80 20.01 113.85 8.72 117.65 150.25 5.61 187.90 3.96
Chrysene 141.69 31.26 97.34 24.48 57.24 44.12 103.49 6.68 128.02 20.68 101.65 25.17 76.38 134.37 36.12 193.64 27.48
Benz[a]anthracene 45.78 15.93 33.31 21.41 37.92 32.20 22.68 4.81 18.72 1.83 17.78 0.73 10.90 46.73 12.23 74.68 14.95
Benzo[b]fluoranthrene 86.70 7.21 82.87 6.22 63.58 19.33 94.86 4.53 108.75 8.47 107.79 5.92 110.80 109.76 2.12 135.34 4.32
Benzo[k]fluoranthrene 47.62 4.53 45.22 3.90 50.21 17.59 52.74 2.84 61.46 5.32 60.86 3.72 62.75 62.09 1.33 78.14 2.71
Benzo[a]pyrene 43.07 37.74 53.29 2.70 17.08 29.58 54.36 1.72 58.50 0.65 57.27 2.14 60.35 57.80 3.20 60.30 0.22
Indeno[1,2,3-CD]pyrene 24.80 42.95 0.00 0.00 0.00 0.00 29.32 50.78 19.65 34.04 20.31 35.18 0.00 39.69 34.38 0.00 0.00
Dibenzo[a,h]anthracene 0.00 0.00 0.00 0.00 0.00 0.00 20.67 35.80 0.00 0.00 15.92 27.57 0.00 31.35 27.15 0.00 0.00
Benzo[g,h,i]perylene 15.78 27.34 0.00 0.00 0.00 0.00 0.00 0.00 27.79 24.09 26.81 23.22 41.94 0.00 0.00 40.82 0.28
PAHtot 1193.48 111.32 1036.20 54.75 791.99 75.43 884.53 68.11 747.00 77.33 718.59 82.05 777.14 903.72 65.05 1024.16 28.17
Max conc: 284.59 223.03 193.64 154.35 128.02 113.85 117.65 150.25 193.64
Highest Conc: Naphthalene Pyrene Pyrene Pyrene Chrysene Pyrene Pyrene Pyrene Chrysene
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Table 13. Savannah River Location RM179 
 
 
 
 
Date: 1/21/2015 3/6/2015 4/10/2015 5/22/2015 9/11/2015
Location: 179 179 179 179 179
Compound Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD
Naphthalene 42.99 5.02 15.00 13.21 38.70 15.88 43.07 5.85 49.52 6.79
Acenaphthylene 0.00 0.00 0.00 0.00 0.00 0.00 16.32 28.26 15.74 27.26
Acenaphthene 34.91 0.42 36.95 1.56 23.55 20.69 44.96 5.73 32.79 1.47
Fluorene 50.44 43.69 50.43 43.67 24.59 42.59 75.72 1.37 0.00 0.00
Phenanthrene 89.07 0.55 86.25 0.47 84.01 8.85 79.73 5.57 72.91 0.66
Anthracene 0.00 0.00 0.00 0.00 5.96 10.33 12.31 10.66 17.51 0.94
Fluoranthene 254.82 3.16 176.30 3.64 217.03 59.93 111.82 20.68 142.55 10.22
Pyrene 229.11 5.17 160.21 5.71 226.45 76.54 128.27 29.86 167.26 14.78
Chrysene 85.97 13.52 70.56 5.16 100.50 18.19 91.96 11.45 142.00 28.35
Benz[a]anthracene 40.00 8.92 111.63 112.36 26.36 7.41 17.56 5.51 49.93 10.08
Benzo[b]fluoranthrene 96.86 12.99 75.26 2.46 89.46 14.67 93.64 15.36 102.97 4.69
Benzo[k]fluoranthrene 53.99 8.15 40.44 1.54 49.36 9.20 51.98 9.64 57.83 2.94
Benzo[a]pyrene 20.35 35.24 34.82 30.17 17.30 29.96 57.60 6.82 37.29 32.30
Indeno[1,2,3-CD]pyrene 40.77 35.34 0.00 0.00 0.00 0.00 21.74 37.66 0.00 0.00
Dibenzo[a,h]anthracene 16.44 28.48 0.00 0.00 0.00 0.00 16.68 28.88 0.00 0.00
Benzo[g,h,i]perylene 14.39 24.92 13.57 23.50 0.00 0.00 14.67 25.42 27.08 23.45
PAHtot 1070.11 87.18 871.42 154.91 903.27 246.91 878.01 187.13 915.38 127.05
Max conc 254.82 176.30 226.45 128.27 167.26
Highest Conc: Fluoranthene Fluoranthene Pyrene Pyrene Pyrene
#PAHs: 14 12 12 16 13
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Table 14. Savannah River Location RM190 
 
 
 
 
 
 
 
 
 
 
Date: 10/31/2014 12/12/2014 3/6/2015 8/13/2015
RM190 RM190 RM190 RM190
Compound Average ±SD Average ±SD Average ±SD Average ±SD
Naphthalene 53.89 6.34 23.29 5.07 26.96 2.22 18.87 0.62
Acenaphthylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthene 32.47 0.59 10.57 18.30 34.88 0.61 0.00 0.00
Fluorene 0.00 0.00 0.00 0.00 77.14 1.52 0.00 0.00
Phenanthrene 70.76 0.71 76.88 1.03 99.02 2.26 46.02 39.85
Anthracene 0.00 0.00 0.00 0.00 10.65 9.22 0.00 0.00
Fluoranthene 127.71 2.20 226.18 12.79 244.93 15.12 83.70 0.74
Pyrene 138.97 3.84 191.30 12.02 188.06 9.92 109.42 6.53
Chrysene 91.76 14.90 95.84 3.28 82.11 10.03 109.90 24.20
Benz[a]anthracene 14.74 2.06 26.13 1.65 206.94 190.75 27.72 14.41
Benzo[b]fluoranthrene 85.53 2.08 90.01 5.61 93.92 2.09 103.99 1.60
Benzo[k]fluoranthrene 46.89 1.31 49.70 3.52 52.15 1.31 58.47 1.00
Benzo[a]pyrene 58.19 11.66 50.19 0.66 52.24 1.56 34.93 30.27
Indeno[1,2,3-CD]pyrene 41.11 35.61 0.00 0.00 42.83 37.14 19.94 34.54
Dibenzo[a,h]anthracene 32.28 27.95 0.00 0.00 33.00 28.60 0.00 0.00
Benzo[g,h,i]perylene 13.40 23.20 0.00 0.00 0.00 0.00 28.45 24.64
PAHtot 807.69 18.77 840.08 23.28 1244.83 204.33 641.42 129.07
Max conc 138.97 226.18 244.93 109.90
Highest Conc: Pyrene Fluoranthene Fluoranthene Chrysene
#PAHs 13 10 14 11
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Table 15. Hartwell Dam Location 
 
 
 
Date: 11/13/2014 2/3/2015 7/30/2015 11/18/2015 3/8/2016 7/26/2016 9/19/2016 3/30/2017
HWD HWD HWD HWD HWD HWD HWD HWD
Compound Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD Average ±SD
Naphthalene 25.18 2.06 28.69 4.07 24.19 2.83 19.18 1.53 17.09 2.43 20.34 3.19 23.59 1.23 21.82 1.45
Acenaphthylene 0.00 0.00 0.00 0.00 16.51 28.59 0.00 0.00 0.00 0.00 15.73 27.25 0.00 0.00 0.00 0.00
Acenaphthene 0.00 0.00 21.54 18.65 0.00 0.00 21.78 18.86 31.58 0.57 33.68 1.92 0.00 0.00 40.27 14.72
Fluorene 0.00 0.00 0.00 0.00 26.39 45.71 48.87 42.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phenanthrene 45.19 39.14 70.77 1.68 0.00 0.00 47.99 41.56 72.23 0.82 46.52 40.31 0.00 0.00 71.40 4.40
Anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
o-Terphenyl (RS)
Triphenyl-methane (IS)
Fluoranthene 66.61 4.03 91.11 6.66 152.42 113.83 82.33 5.87 84.76 1.27 68.26 6.75 76.49 4.46 88.17 4.44
Pyrene 55.48 2.94 64.72 6.54 111.23 91.52 68.73 8.17 62.26 2.87 61.62 12.08 59.00 1.19 64.61 10.99
Chrysene 91.24 7.88 68.36 5.37 112.03 8.94 70.91 6.75 74.50 1.31 125.91 40.07 70.44 0.52 71.18 4.26
Benz[a]anthracene 45.08 41.00 34.59 43.10 25.68 12.40 13.69 6.38 13.48 4.99 37.03 23.09 6.24 2.50 32.63 37.31
Benzo[b]fluoranthrene 81.82 2.79 68.21 3.05 63.82 0.46 42.39 36.72 72.94 1.74 88.59 11.53 18.35 31.78 67.03 5.31
Benzo[k]fluoranthrene 44.56 1.75 36.02 1.91 33.26 0.29 22.07 19.13 38.98 1.09 48.81 7.24 9.25 16.02 35.28 3.33
Benzo[a]pyrene 35.64 30.87 54.29 3.86 0.00 0.00 17.16 29.73 16.85 29.19 17.33 30.01 0.00 0.00 18.01 31.19
Indeno[1,2,3-CD]pyrene 0.00 0.00 25.77 44.63 0.00 0.00 0.00 0.00 19.85 34.38 40.71 35.26 0.00 0.00 0.00 0.00
Dibenzo[a,h]anthracene 0.00 0.00 0.00 0.00 0.00 0.00 34.75 60.19 15.68 27.16 31.89 27.62 0.00 0.00 0.00 0.00
Benzo[g,h,i]perylene 13.42 23.24 27.85 24.14 0.00 0.00 13.86 24.01 0.00 0.00 13.53 23.44 0.00 0.00 14.60 25.28
PAHtot 504.22 69.14 591.92 132.76 565.53 194.74 503.71 131.72 520.21 49.28 649.95 196.04 263.36 45.68 525.00 62.13
Max conc 91.24 91.11 152.42 82.33 84.76 125.91 76.49 88.17
row # 11 9 9 9 9 11 9 9
Highest Conc: Chrysene Fluoranthene Fluoranthene Fluoranthene Fluoranthene Chrysene Fluoranthene Fluoranthene
#PAHs 11 13 10 14 13.00 15 8 12
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Table 16. Edisto River Location 
 
 
 
Date: 12/8/2016 1/12/2017
ED ED
Compound Average ±SD Average ±SD
Naphthalene 14.62 0.95 14.70 0.09
Acenaphthylene 0.00 0.00 0.00 0.00
Acenaphthene 0.00 0.00 0.00 0.00
Fluorene 0.00 0.00 0.00 0.00
Phenanthrene 82.60 1.01 79.47 0.71
Anthracene 5.85 10.12 0.00 0.00
Fluoranthene 86.90 11.64 80.28 2.16
Pyrene 292.93 15.11 62.61 0.81
Chrysene 62.65 3.45 65.48 0.38
Benz[a]anthracene 10.19 2.79 4.98 0.21
Benzo[b]fluoranthrene 76.14 1.25 60.69 2.20
Benzo[k]fluoranthrene 41.00 0.78 31.30 1.38
Benzo[a]pyrene 0.00 0.00 0.00 0.00
Indeno[1,2,3-CD]pyrene 0.00 0.00 0.00 0.00
Dibenzo[a,h]anthracene 32.85 28.51 0.00 0.00
Benzo[g,h,i]perylene 13.74 23.80 0.00 0.00
PAHtot 719.47 41.89 399.50 3.64
Max conc 292.93 80.28
Highest Conc: Pyrene Fluoranthene
#PAHs 11 8
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PPCP Chemical Monitoring Results 
 
Figure 5. PPCP ng/POCIS Concentrations 
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PPCP Monitoring Site Raw Data 
 
Table 17. Edisto Sampling Data (10/8/2016 – 1/12/2017) 
 
 
Table 18. Strom Thurmond Dam Sampling Data (8/15/2016 – 3/23/2017) 
 
Sampling Dates 1 1 - SD 2 2 - SD
Deployed: 10/8/2016 ± 12/8/2016 ±
Retrieved: 12/8/2016 1/12/2017
Days deployed: 62 36
Total PAH: (ppb)
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 0.00 0.00 0.03 0.06
Trimethoprim 0.00 0.00 0.00 0.00
TCEP 1.86 1.87 2.11 1.60
Diphenhydramine 0.17 0.07 0.00 0.00
Carbamazepine 0.00 0.00 0.00 0.00
Sampling Dates 1 1 - SD 2 2 - SD 3 3 - SD
Deployed: 8/15/2016 ± 10/12/2016 ± 1/18/2017 ±
Retrieved: 10/12/2016 1/18/2017 3/23/2017
Days deployed: 58 89 65
Total PAH: (ppb)
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 0.82 0.84 0.41 0.64 0.19 0.19
Trimethoprim 3.10 1.31 0.66 0.57 2.54 1.16
TCEP 10.29 1.23 8.49 7.46 9.07 1.10
Diphenhydramine 0.28 0.08 0.22 0.21 0.07 0.01
Carbamazepine 9.84 2.13 8.67 7.56 9.00 1.81
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Table 19. Hartwell Dam Sampling Data (10/162014 - 3/30/2017) 
 
 
Table 20. RM190 Sampling Data (10/2/2014 – 3/8/2017) 
 
 
Sampling Dates 1 1 - SD 2 2 - SD 3 3 - SD 4 4 - SD 5 5 - SD 6 6 - SD 7 7 - SD 8 8 - SD 9 9 - SD 10 10 - SD
Deployed: 10/16/2014 ± 11/13/2014 ± 2/3/2015 ± 5/5/2015 ± 7/30/2015 ± 11/18/2015 ± 3/8/2016 ± 7/26/2016 ± 9/19/2016 ± 1/9/2017 ±
Retrieved: 11/13/2014 2/3/2015 5/5/2015 7/30/2015 11/18/2015 3/8/2016 7/26/2016 9/19/2016 1/9/2017 3/30/2017
Days deployed: 28 82 91 86 111 111 140 55 113 81
Total PAH: (ppb)
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 0.13 0.01 0.05 0.04 0.13 0.09 0.08 0.05 0.09 0.04 0.31 0.21 0.25 0.14 1.37 2.00 1.18 1.52
Trimethoprim 3.10 0.53 3.32 0.28 2.81 0.17 3.48 1.22 0.32 0.11 9.19 10.54 2.00 0.46 2.12 0.28 1.56 0.15
TCEP 10.60 1.86 15.77 0.21 17.99 1.62 17.08 7.18 15.81 2.74 16.06 4.26 12.50 2.23 14.95 3.65 10.46 0.45
Diphenhydramine 0.96 0.16 0.88 0.06 0.71 0.07 0.75 0.46 1.03 0.66 0.98 0.26 0.74 0.18 0.99 0.28 0.32 0.02
Carbamazepine 19.28 3.63 34.84 1.68 43.89 6.22 34.27 16.24 32.97 22.97 24.69 5.51 17.73 4.90 17.53 4.99 12.17 1.45
Estimated TWA (ng/L)
Fluoxetine 0.007 0.001 0.002 0.000 0.001 0.001 0.003 0.006 0.017 0.021
Trimethoprim 0.684 0.250 0.191 0.000 0.193 0.018 0.405 0.224 0.116 0.119
TCEP
Diphenhydramine 0.040 0.013 0.009 0.000 0.008 0.011 0.008 0.016 0.010 0.005
Carbamazepine 3.663 2.260 2.565 0.000 1.642 1.580 0.938 1.714 0.825 0.799
Sampling Dates 1 1 - SD 2 2 - SD 3 3 - SD 4 4 - SD 5 5 - SD 6 6 - SD 7 7 - SD 8 8 - SD
Deployed: 10/2/2014 ± 10/31/2014 ± 12/12/2014 ± 1/21/2015 ± 3/6/2015 ± 4/10/2015 ± 5/22/2015 ± 7/2/2015 ±
Retrieved: 10/31/2014 12/12/2014 1/21/2015 3/6/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015
Days deployed: 29 42 40 44 35 42 41 42
Total PAH: (ppb) 80.16 369.88
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 0.69 0.23 1.13 0.23 0.32 0.49 0.31 1.37 0.25 1.47 0.15 2.66 1.81
Trimethoprim 4.82 0.99 7.27 0.83 5.84 1.92 4.27 1.40 0.12 8.90 0.51 8.03 0.67
TCEP 13.84 2.75 17.97 1.27 20.82 5.12 6.48 17.06 2.72 17.20 1.70 17.09 1.23
Diphenhydramine 6.50 2.53 6.16 1.46 9.93 6.60 2.93 23.50 4.85 30.20 3.03 27.12 2.44
Carbamazepine 24.94 8.54 32.63 7.56 39.38 14.46 12.69 13.42 1.92 42.27 8.79 44.07 6.54
Avg Discharge (ft^3/s) 4413.8 652.5 4739.7 482.7 5407.2 1450.5 5259.1 1532.4 5782.8 1910.5 6069.8 2626.9 5246.5 2186.7 5317.8 1195.9
Peak Discharge (ft^3/s) 7,450.0       7,100.0       12,900.0     11,900.0   11,400.0   15,300.0    19,500.0   9,340.0     
TWA Estimates (ng/L)
Fluoxetine 0.034 0.039 0.012 0.010 0.056 0.050 0.093
Trimethoprim 1.026 1.068 0.902 0.599 0.246 1.308 1.208
TCEP
Diphenhydramine 0.264 0.173 0.293 0.078 0.791 0.847 0.779
Carbamazepine 4.575 4.132 5.237 1.535 2.039 5.353 5.717
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(Table 20 cont.) 
 
9 9 - SD 10 10 - SD 11 11 - SD 12 13 13 - SD 14 14 - SD 15 15 - SD 16 16 - SD
8/13/2015 ± 9/11/2015 ± 10/16/2015 ± 4/26/2016 8/24/2016 ± 9/28/2016 ± 12/8/2016 ± 1/11/2017 ±
9/11/2015 10/16/2015 4/26/2016 8/24/2016 9/28/2016 12/8/2016 1/11/2017 3/8/2017
29 35 193 120 35 72 35 57
211.11 238.83
5.66 3.21 REMOVED
0.46 0.24 2.93 2.85 0.40 0.04 0.86 0.19 0.47 0.06 3.71 1.82
1.76 0.50 1.38 0.52 1.53 0.13 1.97 0.44 3.63 0.23 12.14 10.91
10.21 3.44 16.02 1.18 20.36 0.42 25.68 2.15 18.88 1.68 25.94 3.23
7.45 3.36 9.88 1.67 3.97 0.15 4.26 1.07 4.73 0.58 9.35 2.60
7.71 2.37 27.63 8.16 15.43 0.36 21.29 4.30 10.48 1.20 9.88 1.44
5023.2 924.6 4277.3 589.1 16328.9 10773.6 4817.1 667.6 4079.4 789.1 5520.5 2879.3 5179.5 1338.2
9,130.0    6,170.0      54,700.0    7,540.0    12,500.0   17,800.0   12,600.0   
0.023 0.121 0.017 0.017 0.019 0.094
0.374 0.243 0.270 0.169 0.641 1.315
0.303 0.333 0.134 0.070 0.159 0.193
1.415 4.200 2.346 1.573 1.593 0.922
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Table 21. RM179 Sampling Data (10/2/2014 – 3/8/2017) 
 
 
 
 
 
 
 
 
 
 
 
Sampling Dates 1 1 - SD 2 2 - SD 3 3 - SD 4 4 - SD 5 5 - SD 6 6 - SD 7 7 - SD 8 8 - SD
Deployed: 10/2/2014 ± 10/31/2014 ± 12/12/2014 ± 1/21/2015 ± 3/6/2015 ± 4/10/2015 ± 5/22/2015 ± 7/2/2015 ±
Retrieved: 10/31/2014 12/12/2014 1/21/2015 3/6/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015
Days deployed: 29 42 40 44 35 42 41 42
Total PAH: (ppb) 310.73 314.42
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 1.13 0.59 1.20 0.07 0.56 0.27 1.03 1.27 0.15 1.67 0.09 1.70 0.42
Trimethoprim 4.58 0.32 6.27 0.04 4.90 1.45 9.38 1.32 0.08 9.24 0.24 9.53 0.62
TCEP 24.38 0.09 22.60 0.39 11.05 3.67 18.70 28.19 1.04 24.25 1.11 25.65 1.58
Diphenhydramine 15.84 3.60 13.00 0.58 3.82 2.21 13.40 25.48 2.06 32.67 5.77 41.98 5.31
Carbamazepine 49.06 7.67 42.30 4.29 24.93 10.84 43.20 16.55 0.81 54.47 17.79 62.66 7.73
Avg Discharge (ft^3/s) 4413.8 652.5 4739.7 482.7 5407.2 1450.5 5259.1 1532.4 5782.8 1910.5 6069.8 2626.9 5246.5 2186.7 5317.8 1195.9
Peak Discharge (ft^3/s) 7,450.0      7,100.0      12,900.0    11,900.0  11,400.0  15,300.0  19,500.0  9,340.0    
TWA Estimates (ng/L)
Fluoxetine 0.056 0.041 0.020 0.034 0.052 0.057 0.060
Trimethoprim 0.975 0.922 0.756 1.315 0.233 1.358 1.434
TCEP
Diphenhydramine 0.643 0.364 0.113 0.359 0.857 0.916 1.206
Carbamazepine 8.999 5.357 3.315 5.223 2.515 6.898 8.129
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(Table 21 cont.) 
 
9 9 - SD 10 10 - SD 11 11 - SD 12 13 13 - SD 14 14 - SD 15 15 - SD 16 16 - SD
8/13/2015 ± 9/11/2015 ± 10/16/2015 ± 4/26/2016 8/24/2016 ± 9/28/2016 ± 12/8/2016 ± 1/11/2017 ±
9/11/2015 10/16/2015 4/26/2016 8/24/2016 9/28/2016 12/8/2016 1/11/2017 3/8/2017
29 35 193 120 35 72 35 57
523.49 1113.26
7.49 REMOVED
0.81 0.25 0.64 0.09 0.84 0.14 2.23 0.14 0.92 0.15 1.27 0.48
3.22 0.55 1.34 0.24 2.67 0.37 4.02 0.66 5.10 0.55 19.52 20.14
21.64 4.63 15.04 0.71 33.36 2.57 50.01 2.71 35.47 4.20 40.32 3.43
19.50 6.93 12.72 2.14 11.64 1.63 21.11 2.42 11.96 2.21 16.94 2.50
36.62 6.08 19.72 3.45 24.88 3.10 46.09 4.65 21.76 3.34 18.64 1.81
5023.2 924.6 4277.3 589.1 16328.9 10773.6 4817.1 667.6 4079.4 789.1 5520.5 2879.3 5179.5 1338.2
9,130.0    6,170.0      54,700.0    7,540.0    12,500.0  17,800.0  12,600.0  
0.040 0.026 0.035 0.045 0.038 0.032
0.685 0.237 0.471 0.345 0.899 2.113
0.792 0.428 0.392 0.345 0.403 0.350
6.718 2.997 3.781 3.405 3.307 1.740
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Table 22. RM119 Sampling Data (10/2/2014 – 3/8/2017) 
 
 
 
 
 
 
 
 
 
 
 
Sampling Dates 1 1 - SD 2 2 - SD 3 3 - SD 4 4 - SD 5 5 - SD 6 6 - SD 7 7 - SD 8 8 - SD
Deployed: 10/2/2014 ± 10/31/2014 ± 12/12/2014 ± 1/21/2015 ± 3/6/2015 ± 4/10/2015 ± 5/22/2015 ± 7/2/2015 ±
Retrieved: 10/31/2014 12/12/2014 1/21/2015 3/6/2015 4/10/2015 5/22/2015 7/2/2015 8/13/2015
Days deployed: 29 42 40 44 35 42 41 42
Total PAH: (ppb)
Total PCB:
PPCP profile(ng/POCIS)
Fluoxetine 0.58 0.01 0.70 0.04 0.36 1.08 1.06 0.15 0.68 0.22 1.48 0.93
Trimethoprim 3.00 0.25 4.54 0.09 3.68 7.31 1.02 0.16 8.83 6.86 5.56 0.30
TCEP 25.04 1.24 25.11 1.39 15.04 19.20 32.97 5.31 20.77 3.67 27.45 2.07
Diphenhydramine 10.53 0.32 9.33 0.62 4.36 9.03 15.50 2.41 13.93 3.02 18.08 1.31
Carbamazepine 50.99 5.99 54.25 4.69 37.69 56.64 20.91 3.11 58.03 18.57 71.85 3.54
Avg Discharge (ft^3/s) 4413.8 652.5 4739.7 482.7 5407.2 1450.5 5259.1 1532.4 5782.8 1910.5 6069.8 2626.9 5246.5 2186.7 5317.8 1195.9
Peak Discharge (ft^3/s) 7,450.0         7,100.0      12,900.0    11,900.0  11,400.0  15,300.0  19,500.0  9,340.0    
TWA Estimates (ng/L)
Fluoxetine 0.029 0.024 0.013 0.035 0.044 0.023 0.052
Trimethoprim 0.639 0.667 0.568 1.026 0.180 1.298 0.837
TCEP
Diphenhydramine 0.428 0.262 0.129 0.242 0.522 0.391 0.519
Carbamazepine 9.352 6.871 5.011 6.847 3.178 7.349 9.321
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(Table 22 cont.) 
 
Table 23. Sampling Deployment Periods for Savannah River Monitoring Sites 
Sample # 1 2 3 4 5 6 7 8 
Deployed 10/2/14 10/31/14 12/12/14 1/21/15 3/6/15 4/10/15 5/22/15 7/2/15 
Collected 10/31/14 12/12/14 1/21/15 3/6/15 4/10/15 5/22/15 7/2/15 8/13/15 
# Days 29 42 40 44 35 42 41 42 
 
Sample # 9 10 11 12 13 14 15 16 
Deployed 8/13/15 9/11/15 10/16/15 4/26/16 8/24/16 9/28/16 12/8/16 1/11/17 
Collected 9/11/15 10/16/15 4/26/16 8/24/16 9/28/16 12/8/16 1/11/17 3/8/17 
# Days 29 35 193 120 35 72 35 57 
9 9 - SD 10 10 - SD 11 11 - SD 12 13 13 - SD 14 14 - SD 15 15 - SD 16 16 - SD
8/13/2015 ± 9/11/2015 ± 10/16/2015 ± 4/22/2016 8/24/2016 ± 9/28/2016 ± 12/7/2016 ± 1/11/2017 ±
9/11/2015 10/16/2015 4/22/2016 8/24/2016 9/28/2016 12/7/2016 1/11/2017 2/23/2017
29 35 189 124 35 71 34 44
395.77 945.81
12.62
REMOVED
0.50 0.11 1.54 0.60 2.18 2.72 0.52 0.13 0.55 0.00
2.48 0.41 1.01 0.12 1.19 0.07 1.59 0.11 4.56 0.11
25.03 5.12 46.92 9.30 31.77 4.22 35.65 5.28 41.43 0.68
9.43 1.06 14.87 3.58 4.52 1.18 5.96 1.90 6.62 0.35
43.25 1.63 25.39 6.79 24.97 9.15 31.96 9.33 21.92 0.04
5023.2 924.6 4277.3 589.1 16328.9 10773.6 4817.1 667.6 4079.4 789.1 5520.5 2879.3 5179.5 1338.2
9,130.0    6,170.0      54,700.0    7,540.0    12,500.0  17,800.0  12,600.0  
0.02 0.063 0.090 0.010 0.018
0.53 0.178 0.209 0.138 0.639
0.38 0.500 0.152 0.099 0.177
7.93 3.859 3.795 2.395 2.649
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Figure 7. ZEDTA Development Toxicity Assessment Flowchart 
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Table 24. Daphnia Chronic Exposure – Reproductive Endpoint 
 
  Day                           
Sample rep 9 10 11 12 13 14 15 16 17 18 19 20 21 Total 
Control 1   5     11     20*           36 
  2 7     4     22*             33 
  3         7     20     29*     56 
DMSO 1   5     8     19*           32 
  2   4     8     18*           30 
  3 5     5     21*             31 
5AZ 1           3   1       6*   10 
  2                       1   1 
  3                     1   2 3 
EE2 1   3     5   22*             30 
  2   3     7     13*           23 
  3   5     4   19*             28 
  • Asterisk (*) signifies 3
rd brood for respective rep         
  • F0 cultures were no longer maintained after 3
rd brood and therefore have no counts afterwards   
 
 
 
 
 
 
 
 
 
 
 
 
129 
Table 25. Daphnid Transgenerational Chronic Toxicity Test Whole Body Genome Methylation 
F0 F1
Samples Rep mC % hmC % Avg/SD mC % Avg/SD
Control 1 0.075% 0.006% 0.252% 0.092% 0.170%
Negative 2 0.539% 0.089% 0.25% 0.205% 0.07%
3 0.143% 0.006% 0.214%
Control 1 0.159% 0.020% 0.158% 0.224% 0.210%
DMSO 2 0.147% 0.013% 0.01% 0.228% 0.03%
3 0.166% 0.024% 0.177%
5AZ 1 0.140% 0.012% 0.135% 0.143% 0.172%
Pos Cont 2 0.123% 0.015% 0.01% 0.202% 0.04%
3 0.142% 0.007%
EE2 1 0.180% 0.019% 0.157% 0.204% 0.220%
2 0.140% 0.010% 0.02% 0.230% 0.01%
3 0.152% 0.016% 0.226%
